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1.0 Introduction 
Disposable shop towels and wipers are used throughout industry for equipment and other 

facility cleaning and degreasing operations. During the cleaning operations, these towels and 
wipers frequently are contaminated with solvents. Upon disposal, the “spent” shop towels are 
identified as hazardous waste under federal regulations if the solvent used is a characteristic or 
listed solvent (40 CFR 261 Appendix VII, FOOl through F005, November 14, 1997). 

The U.S. Environmental Protection Agency (EPA) has been petitioned to address the 
issue of exempting disposable wipers contaminated with listed or characteristic solvents from 
hazardous waste regulations. Regulated industries argue that, when small amounts of solvent are 
used on each shop towel, minimal risk is posed from their disposal in municipal landfills rather 
than in Subtitle C regulated landfills. The EPA Office of Solid Waste (OSW) recently conducted 
a study to identify use and disposal patterns and practices for shop towels and wipers. This risk 
assessment evaluates the human health risk posed if wipers contaminated with listed hazardous 
solvents are exempted from federal and state regulations and disposed of in municipal landfills. 

Residents living near municipal landfills receiving solvent-contaminated spent wipes may 
. be exposed to vapors or contaminated groundwater. This document evaluates the potential health 

risks associated with these exposures. The following steps were completed: the waste was 
characterized, the municipal landfill scenario defined, the fate and transport potential of the 
constituents determined, the receptors and exposure pathways identified, and the resulting risks 
estimated. A final section includes the references cited in this document. Appendixes to this 
document provide more detail on the models used in this risk analysis. 
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2.0 Waste Stream Characterization 
The disposable shop towel and wiper waste stream may include many types of shop towels 

and wipers that may be contaminated with a variety of solvents, some of which may be listed or 
characteristic wastes. These waste streams may be produced by both large-quantity generators 
(LQGs) and small-quantity generators (SQGs). According to a recent study by EPA's Office of 
Solid Waste (OSW), the LQG is assumed to generate a total of 120 wipers per day and the SQG is 
assumed to generate a total of 30 contaminated wipers per day. 

There has been no attempt to characterize"the matrix effects of the individual shop towel 
or wiper products. Instead the towels and wipers have been characterized as a single product, 
hereafter referred to as a wiper. These products are assumed to weigh 10.48g each (O'Leary, 
1997) and to be oontaminated with an equal weight of solvent at disposal. The solvent is not 
assumed to be bound to the wiper matrix; thus, all solvents are assumed to be free in the landfill 
environment for volatilizing to air and/or leaching to groundwater. Thus, the disposal of each 
contaminated wiper represents the addition of 10.48g of a solvent in the landfill. These 
assumptions are based on data collected during the economic analysis of this waste listing 
determination. 

The solvent contaminants examined in this risk assessment include all constituents listed 
in Appendix VII for FOOl through F005 (40CFR 261.31): 

F O O l  ................................. The following spent halogenated solvents used in degreasing: 
Tetrachloroethylene, trichloroethylene,methylene chloride, 1,l,l -trichloroethane, carbon 
tetrachloride, and chlorinated fluorocarbons; all spent solvent mixtureshlends used in degreasing 
containing, before use, a total of ten percent or more (by volume) of one or more of the above 
halogenated solvents or those solvents listed in F002, F004, and F00.5; and still bottoms from the 
recovery of these spent solvents and spent solvent mixtures. (T) 

F002 ................................. The following spent halogenated solvents: Tetrachloroethylene, 
methylene chloride, trichloroethylene, 1,1,1-trichloroethane,chlorobenzene, 1,1,2-trichloro-1,2,2­
trifluoroethane, ortho-dichlorobenzene, trichlorofluoromethane,and 1,l,Ztrichloroethane; alljspent 
solvent mixtureshlends containing, before use, a total often percent or more (by volume) of one or 
more of the above halogenated solvents or those listed in F001, F004, or F00.5; and still bottoms 
from the recovery of these spent solvents and spent solvent mixtures. (T) 

F003 ................................. The following spent non-halogenated solvents: Xylene, acetone, ethyl 
acetate, ethyl benzene, ethyl ether, methyl isobutyl ketone, n-butyl alcohol, cyclohexanone, and 
methanol; all spent solvent mixtureshlends containing, before use, only the above spent non­
halogenated solvents; and all spentssolvent mixtureshlends containing, before use, one or more of 
the above nonrhalogenated solvents, and, a total of ten percent or more (by volume) of one or more 
of those solvents listed in F001, F002, F004, and F00.5; and still bottoms from the recovery of these 
spent solvents and spent solvent mixtures. (I)* 
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F004 ................................. The following spent non-halogenated solvents: Cresols and cresylic n 
acid, and nitrobenzene; all spent solvent mixtures/blends containing, before use, a total of ten "L 

percent or more (by volume) of one or more of the above non-halogenated solvents or those 
solvents listed in F001, F002, and F005; and still bottoms from the recovery of these spent solvents In 
and spent solvent mixtures. (T) Id 

F005 ................................. The following spent non-halogenated solvents: Toluene, methyl ethyl 

ketone, carbon disulfide, isobutanol, pyridine, benzene, 2-ethoxyethanol, and 2-nitropropane; all 

spent solvent mixtureshlends containing, before use, a total of ten percent or more (by volume) of 

one or more of the above non-halogenated solvents or those solvents listed in F001, F002, or F004; r
and still bottoms from the recovery of these spent solvents and spent solvent mixtures. (1,T) 
 t 

The quantity of each solvent is assumed to equal the weight of each wiper on which it is 

r!assumed to be used. Thus, the risk from each solvent is estimated individually and no risk to 
limultiple contaminants has been assessed. All wipers from a facility are assumed to be con­

taminated with a single solvent and each risk number in the results section (Section 6.0) 
represents risk from a single solvent disposed of by a single generator at a single landfill. F 

I-
L d  
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Section 3.0 Site Characterization 

3.0 Site Characterization 
This section provides general information on c imate, soil types, and lanc fill parameters. 

3.1 Climate 

Solvent-contaminated wipers are generated nationwide and, therefore, the locations 
selected for modeling should be representative of the central tendency and high-end meteorologic 
conditions in the United States. For this analysis, 29 meteorologic regions were evaluated (see 
Figure 3-1). The meteorological regions are the 29 regions identified in an assessment conducted 
for EPA's Superfund Soil Screening Levels (SSLs) program (EQM, 1993). These meteorologic 
data are considered to be representative of both broad geographic climate regions which 
characterize the continental US and of more narrowly defined meteorological stations for which 
data is available throughout the US. This section describes the methodology used to select these 
29 regions. 

In the Superfund analysis, meteorological data primarily from the Support Center for 
Regulatory Air Models (SCRAM) Bulletin Board, which provides information on 200 
meteorological stations in the United States, was used to subdivide the continental US into 29 
meteorological regions. The S C R P  Bulletin Board can be accessed at 
http://www.epa.gov/scramOOl. The 29 meteorological stations are distributed among nin 
geoeral climate regions based on meteorological representativeness and variability across each 
region. These regions are: North Pacific Coastal; South Pacific Coastal; Southwest; Northwest 
Mountains; Central Plains; Southeast; Midwest; Northern Atlantic; and South Florida. 

Once the regions were identified, large scale regional average meteorological con 
were used to select representative meteorological stations within each of 29 regions. Bas 
statistical analyses, the 29 meteorological stations were determined to be esentative of the 
200 meteorological stations in the U.S. for which data is available from t 
Board. 

The 29 regions were then further refined using a geographic infor 
platform which integrates climate and meteorologic data from various ge 
The GIS data was used to construct more accurate meteorologic-based b 
station. This effort was undertaken to ensure that each region represent 
meteorological conditions are most similar to conditions measured at t 
As a first step in this process, the boundaries were adjusted to corresp 
divisions and provinces. (Bailey et al., 1994) Bailey's regions are defined pkimarily on 
physiography and climate. Baily recognizes all natural ecosystems by differences in climatic 

http://www.epa.gov/scramOOl
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Section 3.0 Site Characterization 

regime. Climate, as a source of energy and moisture, acts as the primary control of the 
ecosystem. Other important criteria for establishing limits of ecosystems are soil and landform. 
Thus, by using Baily's ecoregions to help in defining the boundaries of the climate regions 
landform, soil and climate are all considered in setting the boundaries. 

Next, the Agency evaluated other physiographic features which are not addressed in 
Bailey's criteria but which are likely to influence climate conditions in certain atypical climatic 
areas. This was done in an effort to ensure that the following unique regions were addressed 
within the selected regions: coastal regimes which are dominated by coastal climate effects -
these are generally narrow regions which stretch about 25 to 50 miles inland; tropical/subtropical 
and aridkemi-arid divisions in the southwestern US; and northwestern regions within 
Washington, Oregon, and California which are characterized by the more humid marinehedwood 
or Mediterranean mountain regimes. General wind regimes were also considered in the defining 
the 29 regions. The data from the 29 selected meteorologic stations are considered to be 
representative of the climate regions and all modeling is conducted using these data. Each of 
these regions is represented by a meteorologic site. The climatic data for the sites used in this 
analysis are presented in Table 3-1. The most important climate parameters for this analysis are 
precipitation, which effects leaching to groundwater; windspeed, which increases plume 
dispersion; and temperature, which increases volatilization. The meteorologic conditions affect 
both the nongroundwater risk through the air emissions and the groundwater risk through the 
genexation of leachate. The central tendency location selected for this analysis was Lincoln, NE. 

Table 3-1, Meteorological Data for Modeled Sites 

Parameter Units Houston Lincoln Reference 
Average annual precipitation inlyr 47 29 International Station Meteorological 

Climate Summary, June 1992. 
Average annual precipitation cm/yr 119 75 Calculated 
Average annual cmlyr 66 47 Calculated 
evapotranspiration 
Average annual runoff inlyr 5 1 Leeden, 1990 
Average annual runoff cmlyr 14 3 Calculated 
Average annual temperature "F 69 51 International Station Meteorological 

Climate Summary, June 1992. 
Average annual temperature K 294 284 Calculated 
Mean annual windspeed knots a 10 International Station Meteorological 

Climate Summary, June 1992. 
Mean annual windspeed mls 4 5 Calculated 

This location was the central tendency location used in the Hazardous Waste Identification Rule 
to represent median climatic conditions in the United States. In order to select a high-end 
location, several warm and wet locations were examined to see which one produced high risk 
both through the air and through the groundwater pathway. The highest risk by each pathway 
individually is not necessarily the location demonstrating the highest overall risk. For example, 
the location showing the highest air pathway risk is Phoenix, AZ;however, this location is so 

3-3 



. 

Section 3.0 Site Characterization 

arid that landfill leachate volume is very low or nonexistent, eliminating the groundwater 
pathway from consideration. Table 3-2 presents the comparative air emissions and leachate 
concentration data for the sites selected for consideration, Houston, TX, Charleston, SC, and 
Miami, FL. Houston, TX was selected as the high end location based on combined risk from 
groundwater and air emissions. 

Table 3-2. ComparativeAir Emissions and Leachate Concentration 

Trichloroethane, 1,I , I - 

Methylene chloride 


Carbon disulfide 


Trichlorofluoromethane 


Trichloro-l,2,2-trifluoroethane, 


J 

71556 1.90E-07 1.90E-07 1.9QE-07 1.72E-01 I .76E-01 1.70E-01 

75092 2.16E-07 2.16E-07 2.16E-07 1.32E+00 1.36E+00 1.30E+00 
I 

75150 3.06E-07 3.06E-07 3.06E-07 2.59E+00 2.60E+00, 2.57E+00 

75694 2.96E-07 2.96E-07 2.96E-07 1.45E-01 1.48E-01 1.44E-01 
76131 3.07E-07 3.07E-07 3.07E-07 1.94E-01 1.95E-01 1.94E-01 

3.2 Landfill Parameters 

Landfill volume determines the effective concentration of solvents in the landfill, and 
landfill surface area is used to estimate air emission and dispersion and leachate concentrations. 
Landfill dimensions were determined from the municipal landfill descriptions submitted by the 
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Section 3.0 Site Characterization 

State of Texas and the distribution of landfill areas for municipal landfills from the national 
survey of solid waste (municipal) landfill facilities conducted in support of the toxicity 
characteristic (U.S. EPA, 1988). The landfill is assumed to have a lifetime of 30 yrs and to have a 
single cell open each year; thus, each annual cell has an area 1/30th of the total landfill area. The 
distribution of landfill and cell areas derived from the survey is presented in Table 3-3. The high 
end landfill area for the non-groundwater pathway is always the 10th percentile value because it 
represents the higher effective concentration of constituent in the landfill. For the groundwater 
pathway the high end landfill area may be some other landfill area, because of the interaction of 
effective landfill concentration of constituents and the DAFs estimated based on landfill area. 
DAFs are indirectly related to the landfill area, however, area is also inversely related to effective 
concentrations of constituents in the landfill. The high end landfill area may be neither the 10th 
or the 90th percentile, but instead some intermediate size. A sensitivity analysis has been 
conducted for landfill area has been performed and the results are presented in Appendix F. 

Information on depth or total capacity of landfills corresponding to the nationwide 
distribution of landfill areas was not available. Therefore, to determine a realistic value, these 
areas were compared to the areas reported for landfills in Texas. Texas landfills were identified 
that most closely corresponded to the 50th and 10th percentile landfills from the nationwide 
distribution. The landfills with the corresponding areas were selected as representative of central 
tendency and small landfills, respectively. There were three landfills in Texas that corresponded 
to the 50th percentile area; however, no landfill as small as 8,090 m2was identified. Therefore, 
the two landfills with areas of 12,144 m2were used to estimate an appropriate depth for landfills 
of this area. [Note: A sensitivity analysis conducted for air emissions from landfill cells indicates 
that small differences in surface area of landfill cells makes no significant difference in the vapor 
air concentrations estimated at the receptor location within the limits of this analysis (RTI, 
1998).] The depths of the landfills identified as corresponding to the 50th and 10th percentile 
ranged from 8 (2.4 m) to 30 ft (9.1 m) with an average depth of 18 ft (5.5 m). The landfill 
corresponding to 3 acres and 8 ft deep received only 32 tons of waste in 1996. This data point 
"n" was determined to be an outlier when compared to the distribution of municipal landfills. 
The depth of 18 ft (5.5 m) was chosen for use in this analysis for both areas. The data used to 
estimate the landfill depths are presented in Table 3-4. The total distribution of landfill depths 

Table 3-3. Distribution of Municipal Landfill Areas 

Total landfill area, m2 Landfill cell area, m2 Cumulative percentage 

4,000 133.3 0 

8,090 269.7 10 
20,200 673.3 25 

60,700 2,023 50 
194,000 6,467 75 
420,000 14,000 90 

9,350,000 311,667 100 
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Table 3-4. Texas Landfill Data Used to Estimate Landfill Depths 

Landfill permit number Total landfillable area, Maximum depth, ft (m) 
acres (m2) 

630 a 3 (12,144 8 (2.4) 

1,418 3 (12,144) 18 (5.5) 

664 15 (60,700) 30 (9.1) 

1,267 15 (60,700) 18 (5.5) 

1,520 15 (60,700) 20 (6.1) 
a Determinedto be outlier based upon annual waste volume 

reported for Texas landfills was examined and the 10th (4m) and 90th (28 m) percentile depths 
were identified. This distribution is presented in Table 3-5. For this analysis the depth of the 
landfill is used to determine the annual capacity of the landfill cell based upon a 30-yr lifetime 
for the landfill. A sensitivity analysis was performed for landfill depth using the values. The 
results indicate that the maximum effect on risk was to decrease risk by less than an order of 
magnitude at the 90th percentile value for depth and increase risk by a factor of 2 or less at the 
10th percentile value. This may be an over-estimation of annual waste volume because many 
landfills in the Texas survey reported estimated lifetimes in excess of 30 years. A discussion of 
the landfill depth sensitivity analysis is presented in Appendix F. Appendix F documents 
sensitivity analyses that have been performed for several parameters that are associated with the 
greatest uncertainty in this analysis. 

Table 3-5 Distribution of Landfill Depths (Texas Landfill Survey) 

Percentile Depth (ft) Depth (m) 

10 12 4 

50 35 11 

90 92.5 28 

Mean I ' 4 7  I 14 
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3.3 Soils Data 

Soils data generally are required for ground water fate and transport modeling. However, 
for this risk assessment, generic dilution/attenuation factors (DAFs) were used to assess 
groundwater risk; no site-specific or constituent-specific groundwater modeling was performed, 
thus, soil transport was inconsequential. Therefore, general soil parameters representing a central 
tendency soil type were used to represent the daily cover material. The most common soil type in 
the United States is silt loam soil. Soil type is a fractal parameter. That is, the most common soil 
type in the nation is also the most common in each region, and in each smaller division of area. 
Thus, the most common soil type is appropriate for use in this analysis. The parameters for silt 
loam soil are presented in Table 3-6. 

Table 3-6. Summary of Silt Loam Soil Parameters 

Parameter 
Bulk density of soil at deposition 
location 

Saturated volumetric water 
content of soil 

Saturated hydraulic conductivity 

Soil-specific exponent 
representing moisture retention 

Fraction of organic carbon in soil 
at deposition location 

Central 
Units tendency 
g/cm3 1.46 

m k m 3  0.45 

cm/yr 3942 

unitless 5.3 

unitless 0.012 

Reference 
Calculated from saturated 
volumetric water content 

Carsel and Parish, 1988 

Carsel and Parish, 1988 

Clapp and Hornburger, 1978 

STATSGO 
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Figure 4-1. Landfill partitioning schematic. 

Section 4.0 Environmental Fate and Transport Modeling 

4.0 Environmental Fate and Transport Modeling 
This section reviews the models and assumptions used to predict environmental fate and 

transport of the solvents released from wipers disposed in municipal landfills. Detailed 
discussions of the models are provided in Appendices A and B. 

Potential release mechanisms for the municipal landfill include volatile emissions and 
leaching (Figure 4-1). It is assumed that the landfill has erosion and'runoff controls and that the 
active landfill cell has a daily cover applied. The remainder of the landfill is assumed to have a 
permanent cap. Therefore, no runoff, erosion, or particulate emissions are considered for the 
1andfill. 

Entire 
Landfill 

1 Landfill 
Annual 

Cell 

Layer 1rt." 
 , , \ \ Daily Additions 

1 Daily Waste 
Addition 

Cell piodegradation ' Covered Biodegradation1 
Leaching Leaching 

Figure 4-1. Landfill partitioning schematic. 
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Section 4.0 Environmental Fate and Transport Modeling 

The waste constituents addressed in this risk assessment are listed in Section 2.0. Physical 
and chemical properties of these constituents that are used in this analysis are listed in Table 4-1. 
These physical and chemical properties are used to model the environmental fate and transport 
processes. 

4.1 Partitioning Model 

A spreadsheet model has been developed based on the equations used to estimate the 
partitioning of pesticide products in the environment (Jury et al., 1983, 1984, 1990). These 
equations partition the waste in the landfill to waste, air, and pore water and calculate potential 
losses from leaching, volatilization, and degradation. The appropriateness of including 
degradation in the landfill scenario is a debatable point. This issue is addressed in a sensitivity 
analysis presented in Appendix F. In the sensitivity analysis the effect of assuming a zero 
degradation of solvent constituents in the landfill is compared to the risk and HQ estimated 
including degradation in the analysis. 

For this analysis, the partitioning model has been adapted to represent emissions 
specifically from a municipal landfill. The regulations presented in 40 CFR 258, Criteria for 
Municipal Solid Waste Landfills, January 20, 1998, indicate that the following criteria must be 
met: 

Daily waste additions not to exceed 2.5 ft in depth 

Daily soil cover of 6 in. 

Cap thickness of at least 30 in. 


These requirements have been included in the model so that regulations are not violated. 
Waste is assumed to be collected 350 d/yr and each daily addition volume is placed in a “daily 
pile” in the landfill so that the height does not exceed 2.5 feet. The daily pile is assumed to emit 
vapors for 12 hours prior to the application of daily cover. On day 2, the daily waste is placed in 
a second daily pile assumed to be adjacent to the initial daily pile. On day 2, emissions are 
estimated from daily pile 2 (uncovered for 12 hours) and from daily pile 1 through the daily soil 
cover. The number of daily piles is estimated based on the area of the landfill cell divided by the 
area of each daily pile. Additions of new daily piles.continue until the area of the cell is filled 
with a layer of daily waste. When a layer is completed, a second layer is begun by placing the 
next daily waste addition on top of the initial daily wastepile. This process continues until the 
annual cell is filled. When the annual cell is filled, a 30-inch-thick landfill cap is applied. 
Minimal emissions are estimated to continue through the cell cap for the remainder of the 
modeling duration (30-year lifetime of the landfill and 40 years thereafter). The modeling 
duration has been selected to cover the peak period for leachate concentration generation, which 
frequently occurs after landfill closure. Figure 4-1 depicts the landfill addition scenario as 
modeled. The landfill model sums the emissions from the uncovered wastepiles, the covered 
wastepiles (daily cover), and the capped cells in a dynamic model. The partitioning model and 
equations are discussed in greater detail in Appendix A. The input parameters used in the 
partitioning model are presented in Table 4- 2. 
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Section 4.0 Environmental Fate and Transport Modeling 

Table 4-2. Input Parameters Used in the Landfill Partitioning Model 

Total area of landfill 

Air porosity (cm3/cm3) 

Depth of daily waste additions (m) 

Time uncovered (hr) 

Thickness of daily cover (soil) (m) 

Thickness of cap (clay) (m) 

0perating days/year 
~~ 

Layers 


Daily additions/layer 


Average exposed time (days) 


Area of dairy addition (m') 


Calculated 


US EPA, 1988 


US EPA, 1988 


Texas Landfill Survey 


US EPA, 1994 


Calculated 


ISMCS, 1992 


Leeden, 1990 


Leeden, 1990 


Assumption 


Calculated 


US EPA, 1994 


US EPA, 1994 

US EPA, 1994 

0.55 Calculated 

0.76 40 CFR 258 

12 Assumed 

0.15 US EPA, 1994 

0.60 US EPA, 1994 

350 Assumed 

5.4 Calculated 

65 Calculated 

68 Calculated 

47 Calculated 
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4.2 Air Emissions, Dispersion, and Deposition 

The Industrial Source Complex Model Short Term (ISCST3) model was used to model 
dispersion of the volatile emissions from the landfill to the receptor (U.S. EPA, 1995a). The 
emissions from all three waste emission processes (uncovered wastepile, daily covered wastepile, 
and capped cell) are summed and averaged for the entire landfill area for each time step. Table 
4-3 presents the estimated air emission rates at each modeled landfill and the corresponding air 
concentrations of vapors at receptor locations. These averaged total emissions are then modeled 
using ISCST3. ISCST3 is a Gaussian plume model that can simulate both wet and dry deposition 
and plume depletion. The model uses annual hourly surface observation meteorologic data and 
twice daily upper air data. The EPA’s ISCST3 model is applicable in simple, intermediate, and 
complex terrains. However, as discussed in Volume IIof the JSCST3 User’s Guide (U.S. EPA, 
1995a), the complex terrain screening algorithms do not apply to area sources such as the 
emission source being investigated as part 0%the this analysis (i.e., municipal landfill). 
Consequently, regardless of the location being modeled, receptor elevations and the terrain grid 
pathway were not specified in the ISCST3 input files. The ISCST3 model was run using 
“default” model options specified in the Guideline on Air Quality Models (US. EPA, 1993). The 
ISCST3 outputs were used to estimate the vapor air concentrations of constituents at the receptor 
locations needed to develop risk estimates associated with exposures attributable to vapor 
emissions from a municipal landfill. ISCST3 is described in greater detail in Appendix B. 

The dispersion and deposition modeling is dependent upon the size of the area being 
modeled as well as the meteorologic data for the landfill location. The size distribution of 
landfills is presented in Section 3.0. For a previous risk assessment, a representative distribution 
of landfill cell areas was modeled for all 29 meteorologic locations (RTI, 1998). A sensitivity 
analysis was conducted to verify that air dispersion modeling results for a landfill cell area in the 
middle of a specified range of landfill cell areas can be used to represent the results for the range 
of cell areas. This sensitivity analysis is presented in Appendix C. The representative cell areas 
used to develop the modeling results used in this risk assessment are presented in Table 4-4. 

The dispersion and deposition of vapors also varies with the distances between the 
landfill and the receptor. The distance to receptor used in this risk analysis is 75 m (U.S. EPA, 
1991). A previous sensitivity analysis that examined the issue of the placement of receptors 
showed that the maximum downwind concentrations decrease sharply from the edge of the 
source to about 1,000 m from the source (RTI, 1998). After the first 1,000m from the edge of the 
area source, concentrations decrease very slowly as downwind distance increases. Therefore, 
receptor points were placed on 0-, 25-, 50-, 75-, 150-, 500-, and 1,000-m receptor squares 
starting from the edge of the source, with 16 receptor points on each square. Appendix D 
presents this sensitivity analysis. For this project, the maximum air concentration of vapors for 
the receptors at the 75-m distance from the edge of the source were used. 
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Table 4-3. Air Emission Rates at the Landfill and Corresponding Air 
Concentrationof Vapors at the Receptor Location 

~~~~ ~ 

Carbon tetrachloride 56-23-5 5.05E-08 0.02751 5.05E-08 0.02382 1.27E-08 0.00692 1.27E-08 0.00599 

Ethyl ether 60-29-7 5.25E-08 0.02859 5.25E-08 0.02474 1.32E-08 0.00719 1.32E-08 0.00622 

Methanol 67-56-1 3.02E-08 0.01648 3.90E-08 0.01842 7.60E-09 0.00414 9.81E-09 0.00463 

Acetone 67-64-1 5.94E-08 0.03239 6.25E-08 0.02953 1.49E-08 0.00815 1.57E-08 0.00742 

Butanol 171-36-3 I 1.23E-091 0.000671 1.26E-091 0.000591 3.09E-10/ 0.000171 3.17E-101 0.00015 
~ ~~ 

Benzene 71-43-2 4.92E-08 0.02680 4.92E-08 0.02320 1.24E-08 0.00674 1.24E-08 0.00583 

Trichloroethane,1,l , I  - 71-55-6 5.1OE-08 0.02780 5.1OE-08 0.02407 1.28E-08 0.00699 1.28E-08 0.00605 

Methylene chloride 75-09-2 6.46E-08 0.03521 6.45E-08 0.03041 1.62E-08 0.00885 1.62E-08 0.00765 

Carbon disulfide 75-15-0 6.47E-08 0.03524 6.47E-08 0.03051 1.63E-08 0.00886 1.63E-08 0.00767 

Tric,hlorofluoromethane 75-69-4 6.34E-08 0.03458 6.34E-08 0,02994 1.60E-08 0.00869 1S9E-08 0.00753 

Dichlorodifluoromethane 175-71-8 I 5.33E-08 I 0.02904 I 5.33E-08 I 0.02515 I 1.34E-08 I 0.00730 I 1.34E-08I 0.00632 
~~~ 

Trichloro-1,2,2-trifluoroethane, 1,1,2- 76-13-1 6 54E-08 0 03567 6 55E-08 0.03090 165E-08 0 00897 1 65E-08 0 00777 

Isobutylalcohol 78-83-1 3 03E-09 0 00165 2 96E-09 0 00139 7 63E-10 0 00042 7.44E-10 0 00035 

Methyl ethyl ketone 78-93-3 3 52E-08 0 01918 3 73E-08 0 01759 8 85E-09 0 00482 9 37E-09 0 00442 

Trichloroethane. 1,1,2- 79-00-5 1 52E-08 0 00829 152E-08 0 00718 3 83E-09 0 00208 3 E(3E-09 0 00181 

Trichloroethylene 179-01-6 I 3.09E-08 1 0.01686 I 3.09E-081 0.014601 7.78E-09 I 0.00424 I 7.78E-09 I 0.00367 
~~ 

Nitropropane,2- * 79-46-9 2 79E-08 0 01518 2 75E-08 0 01300 7.01E-09 0 00382 6 92E-09 0 00327 

o-Xylene 95-47-6 8 61E-09 0 00469 8 69E-09 0 00406 2.16E-09 0 00118 2 18E-09 0 00102 

Cresol, o- 95-48-7 6 35E-11 0 00003 6 72E-11 0 00003 1 60E-11 0 00001 1 69E-11 0 00001 

Dichlorobenzene, 1,2- 95-50-1 5 42E-10 0 00030 5 42E-10 0 00026 1 36E-10 0 00007 1 36E-10 0 00006 

Nitrobenzene 98-95-3 3 28E-10 0 00018 3 30E-10 0 00016 8 24E-11 0 00004 8 29E-11 0 00004 

Ethylbenzene 1100-41-4 I 1.1 3E-08 I 0 00615 1 1.13E-08I 0.00532 I 21.84E-09 I 0 00155 I 2.85E-09 I 0 00134 

Cresol, p- 106-44-5 5 50E-11 0 00003 6 18E-11 0 00003 1 38E-11 0 00001 155E-11 0 00001 

Methyl isobutyl ketone 108-10-1 157E-08 0 00858 1 57E-08 0 00737 3 96E-09 0 00216 3 95E-09 0 00185 

rn Xylene 108-38-3 8 32E-09 0 00453 8 40E-09 0 00393 2OSE-09 0 00114 2 11E-09 0 00099 

Cresol, m- 108-39-4 5 59E-11 0 00003 6 46E-111 0 00003 141E-11 0 00001 162E-11 0 00001 

Toluene 1108-88-3 1 2.44E-08 I 0.01 328 I 2.44E-08 I 0.01150I 6.13E-09 I 0.00334 1 6.13E-09 I 0.00289 

Chlorobenzene ' 108-90-7 9 35E-09 0 00510 9 36E-09 0 OP442 2 35E-09 0 00128 2 35E-09 0 00111 

Cyclohexanone 108-94-1 1 3lE-09 0 00072 1 30E-09 0 00061 3 30E-10 0 00018 3 28E-10 0 00015 

Ethoxyethanol, 2- ** 110-80-5 100E-09 0 00055 2 22E-09 0 CY0105 2 52E-10 0 00014 5 58E-10 0 00026 

Pyridine" 110-86-1 2 65E-09 0 00144 2 68E-09 0 00126 6 67E-10 0 00036 6 74E-10 0 00032 

Tetrachloroethylene 11274 8-4 I '4 22E-08 I 0 02300I 4.22E-08 1 0 01992 1 1 06E-08 I 0 00578 I 1.06E-081 0.00501 

Ethyl acetate 1141-78-6 I 3.39E-08 I 0.01850 I 3.33E-08 I 0.01 571 I 8.54E-09 I 0.00465 I 8.37E-09 I 0.00395 

Xylenes (total) 1330-20-7 7.21E-09 0 00393 7 23E-09 0.O034Oi 1 81E-09 0.00099 1.82E-09 0 00086 

(continued) 
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Table 4-3. (continued) 

Large Quantity Generator Small Quantity Generator 

Lincoln Houston Lincoln Houston 
Emission Emission Emission Emission 

Rate air conc Rate airconc Rate air conc Rate air conc 

Constituent CAS (g/s-rnP) (ug/rn3) (g/s-rnp) (uglrn3) (g/s-rn") (ug/rn3) (g/s-mp) (ug/m3) 


Carbon tetrachloride 56-23-5 3.79E-07 0.04759 3.79E-07 0.03857 9.52E-08 0.01197 9.52E-08 0.00970 


Ethyl ether 60-29-7 3.95E-07 0.04967 3.94E-07 0.04013 9.94E-08 0.01249 9.91E-08 0.01009 


Methanol 167-56-1 12.27E-071 0.0285112.93E-071 0.0298215.71E-081 0.007171 7.36E-O-


Acetone 167-64-1 14.46E-071 0.0560514.69E-071 0.04781 /1.12E-07/ 0.014091 1.18E-071 0.01202 

~ ~~~~ 

Butanol 171-36-3 19.49E-09I 0.0011919.46E-09I 0.00096 12.39E-091 0.00030 1 2.38E-091 0.00024 
~~ ~~~ 

Benzene 171-43-2 13.69E-07I 0.04640 13.69E-07I 0.03759 19.28E-08I 0.011671 9.28E-081 0.00945 
~ ~ ~ _ _ _ _ _  

Trichloroethane, 1,1,1- 171-55-6 13.83E-07I 0.04809 13.83E-071 0.03897 19.62E-08I 0.01209 I 9.62E-087 0.00980 

Methylene chloride 175-09-2 14 85E-07I 0 06096 14.84E-071 0.04929 11.22E-07I 0.01533 I 1.22E-071 0.01239 

Carbon disulfide 175-15-0 14.85E-071 0 06100 4.85E-07 0.04945 1 22E-07 0.01534 1.22E-07 0.01243 

~~ ~ 

Dichlorodifluoromethane 175-7'1-8 14.00E-07I 0.0502414.00E-07I 0.04072 11.01E-07I 0 01263 I 1.01E-071 0.01024 

Cresol. 0- 195-4847 14.81E-101 0.00006 15.04E-101 O.OQ005 11.21E-101 0.000021 1.27E-101 0.00001 
~ ~~ 

Dichlorobenzene. 1.2- 195-50-1 14.07E-091 0 00051 14.07E-091 0.0004111 02E-09 I 0.000131 1.02E-091 0.0001'0 

Nitrobenzene 198-95-3 12.46E-09I 0.00031 12.47E-091 0.00025 l6.18E-101 0.000081 6.22E-101 0.00006 
~~ ~ 

Ethvlbenzene 1100-41-4 18.51E-08I 0.01069 18.50E-08l 0.0086612.14E-08l 0.002691 2.14E-081 0.00218 
~~ 

Cresol, p- 1106-445 14.53E-701 00000614.64E-101 0 0000511.14E-10(0.00001 I 1.17E-10) 0,00001 

Methvl isobutvl ketone 1108-10-1 11.19E-071 0 0149711.18E-071 0.01202/3 00E-0810 003761 2.97E-081 0 00302 
-

rn-Xylene 108-38-3 16 30E-08 0 00792 6 30E-08 0.00642 1 59E-08 0.00199 1.58E-08 0.00161 
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Table 4-4. Landfill Areas 

10th Percentile size 8,094 m2 
50th Percentile size 60,705 tT12 

Source: U.S. EPA, 1988. 

In addition, a second scenario has been modeled assuming that daily cover has been 
applied after 6 hours instead of the initial assumption of 12 hours. No appreciable change in risk 
was observed. 

Table 4-5 presents data for the relative quantity of mass volatilized 1) from uncovered 
waste, 2)  through the daily cover, and 3) from the capped cell for an example solvent (xylene). 
This comparison demonstrates that the overwhelming proportion of the volatile emissions occur 
after application of the daily soil cover and prior to application of the cell cap. For this reason 
the length of time the waste is uncovered makes very little difference to the total annual mass of 
solvent released into the air and, thus, has little effect on the risk or hazard quotient due to 
inhalation of volatiles emitted from the landfill. This is due to the fact that waste is uncovered for 
only 12 hours and covered for many days/months/yrs before CAP applied? The trend shown for 
in this table is valid for all other solvent constituents, although the exact values may vary 
somewhat from those presented for xylene. 

Table 4-5. Comparison of the Total Mass of Xylene Volatilized: from 
Uncovered Waste, Through Daily Cover, and from Capped Cells 

Over the Maximum Exposure Duration 

High End Uncovered Daily Cover Total 
Scenario Waste (mg)/ % (mg)/YO tmg) 

12 hours 5,999 13,610,467 29,130.21 13,645,596 
0.04% 99.74% 0.21% 

6 hours 4,242 13,018,970 29,189.96 13,052,402 
0.03% 99.74% 0.22% 

Difference 1,757 591,496 -59.8 593,194 

4.3 Leaching 

The partitioning model described in Section 4.1 estimates leachate concentrations over 
time as well as air emissions. In order to be more realistic and to maintain a mass balance within 
the landfill, all loss mechanisms are included in the partitioning model. These losses include air 
emissions, degradation, and leaching. Leaching is assumed to continue from all cells that contain 
waste, even after a cell is capped and the landfill is closed. In fact, maximum leachate 
concentrations occur after landfill closure. 
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The modeled landfill is a Subtitle D municipal landfill that has an earthen cover but no 
liner or leachate collection system. The leachate flux through the landfill is the result of 
infiltration of ambient precipitation through the landfill cover. For the groundwater pathway 
analysis, it is assumed that the landfill has a 30-year operational life. The total amount of 
constituent in the landfill available for leaching is the product of annual waste quantity and the 
net postvolatilization and degradation constituent concentration in the waste times 30 years. The 
30-year time frame is based on the average active lifetime of Municipal Subtitle D landfills (U.S. 
EPA, 1988). 

The loss of a contaminant due to leaching is estimated by assuming the leachate is in 
equilibrium with the waste in the landfill. The leachate concentration is calculated in time steps 
over the life of the landfill and for 40 years after closure. A mass balance is maintained in the 
landfill over time. The highest 9-year average constituent concentrations estimated in the 
leachate are used to calculate the concentrations expected at the groundwater well location. The 
leachate concentrations from landfills remain virtually constant although the maximum value 
varies from the 9-year average by a maximum factor of 1.11 .  This difference is small in this 
analysis and has not been considered. 

First-order degradation rates (and hydrolysis rates, if applicable) are input to the model 
from reported literature values or calculated from reported contaminant half-lives. In this case, 
the lowest reported contaminant half-lives in soil identified in the literature (Howard et al., 1991) 
have been used to calculate an apparent first-order disappearance rate. The overall apparent first-
order disappearance rate is simply the sum of all of the individual first-order rate constants. In 
this model, all other losses (volatilization and leaching) are subtracted from this overall first-
order disappearance rate and the remaining portion is assumed to be biodegradation. Thus, losses 
due to biodegradation are also included in the mass balance of the landfill system. These half-
lives and the resulting first-order degradation rates for solvent constituents are presented in 
Table 4-6. 

To estimate the concentrations of constituents of potential concern at the location of the 
residential drinking water well without performing constituent-specific modeling, a simplistic 
approach from the Determination of Groundwater Dilution Attenuation Factors for Fixed Waste 
Site Areas Using EPACMTP (U.S. EPA, 1995b) was used to estimate dilution of the leachate 
before it reaches the residential well. For this particular analysis, an EPACMTP analysis that 
developed DAFs for use in the Soil Screening Guidance was used to provide "readily available" 
DAFs as a function of landfill size. This analysis is documented in Appendix D. The Monte 
Carlo analysis provided a distribution of DAFs for several landfill size ranges. The results that 
are most appropriate for this analysis are found in Table A-2 (page E-56) of Appendix D and are 
displayed graphically in Figure 6 on page E-42 of Appendix D. 

These results were developed through Monte Carlo model runs using a nationwide 
distribution of aquifer characteristics and well locations and depths (x- and z-coordinates) frqm 
Agency surveys on the distance of residential wells from municipal landfills and data on the 
depth of residential drinking water wells, respectively. The horizontal well position (y­
coordinate) is determined so that the well location falls within the approximate areal extent of the 
contaminant plume. The DAFs selected from these runs were used to estimate the leachate 
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Table 4-6. Soil Degradation Rates 

Compound 
Carbon tetrachloride 
Ethyl ether 
Methanol 
Acetone 
Butanol 
Benzene 
1,1,1-Trichloroethane 
Methylene chloride 
Carbon disulfide 
Trichlorofluoromethane 
1.1.2-Trichloro-l,2,2-trifluoroethane 
Isobutyl alcohol 
Methyl ethyl ketone 
1.1.2-Trichloroethane 
Trichloroethylene 
2-Nitropropane 
o-Xylene 
o-Cresol 
1,2-Dichlorobenzene 
Nitrobenzene 
Ethylbenzene 
pCresol 
Methyl isobutyl ketone 
mXylene 
mCresol 
Toluene 
Chlorobenzene 
Cyclohexanone 
2-Ethoxyethanol 
Pyridine 
Tetrachloroethylene 
Ethyl acetate 
Cresylic acid 
Xylenes (total) 

NA = Not available. 

Half-life Soil degradation rate 
CAS (yr) (1/yr) 

56-23-5 7.OE-01 9.9E-01 
60-29-7 NA NA 
67-56-1 3.6E+01 1.9E-02 
67-64-1 3.6E+01 1.9E-02 
71-36-3 3.6E+01 1.9E-02 
71-43-2 1.6E+01 4.4E-02 
71-55-6 9.3E-01 7.5E-01 
75-09-2 9.OE+00 7.7E-02 
75-15-0 NA NA 
75-69-4 7.OE-01 9.9E-01 
75-71-8 NA NA 
76-13-1 3.6E+01 1.9E-02 
78-83-1 3.6E+01 1.9E-02 
78-93-3 6.9E-01 1.OE+OO 
79-00-5 7.OE-01 9.9E-01 
79-01-6 1.4E+00 4.9E-01 
79-46-9 NA NA 
95-47-6 8.7E+00 7.9 E-02 
95-48-7 1.4E+00 4.9E-01 
95-50-1 1.3E+00 5.4E-01 
98-95-3 2.5E+01 2.7E-02 
100-41-4 3.8E+02 1.8E-03 
106-44-5 3.6E+01 1.9E-02 
108-10-1 NA NA 
108-38-3 3.6E+01 1.9E-02 
108-39-4 1.1E+Ol 6.OE-02 
108-88-3 1.7E+00 4.1 E-01 
108-90-7 NA NA 
108-'94-1 9.OE+00 7.7E-02 
110-80-5 3.6E+01 1.9E-02 
110-86-1 7.OE-01 9.9E-01 
127-18-4 3.6E+01 1.9E-02 
141-78-6 NA NA 

1330-20-7 9.OE-tOO 7.7E-02 
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concentration. The other parameter influencing this analysis is the surface area of the landfill. 
The larger the landfill area, the lower the DAF. These factors are discussed in Section 3.3. 

In developing these DAFs the source area was set to a different but constant value in each 
run, the distance to the receptor well was set at a nationwide distribution, and all other 
parameters were varied in the Monte Carlo analysis. These variables are presented in Table 3 
(page E-28) of Appendix D. Appendix D describes the methodology used to determine these 
values. The DAFs selected for use in this analysis are presented in Table 4-6. This methodology 
provides a reasonable screening mechanism for potential releases from an unlined municipal 
landfill. These results do not include any leachate collection or landfill liner systems. The 
resulting contaminant concentration in the leachat and the corresponding residential wells are 
presented in Table 4-7. If a.more realistic risk from the groundwater pathway is desired, a 
comprehensive EPACMTP analysis will be required. 

In this analysis a clay liner and associated leachate collection system that meets the 
regulatory requirements of 40 CFR 3 258.40 for design criteria for municipal landfills. These 
criteria include: 

(2) With a composite liner, as defined in paragraph (b) of this section and a leachate collection 

system that is designed and constructed to maintain less than a 30-cm depth of leachate over the 

liner. 

(b) For purposes of this section, composite liner means a system consisting of two components; 

the upper component must consist of a minimum 30-mil flexible membrane liner (FML), and the 

lower component must consist of at least a two-foot layer of compacted soil with a hydraulic 

conductivity of no more than IxIO-' cdsec.  FML components consisting of high density 

polyethylene (HDPE) shall be at least 60-mil thick. The FML component must be installed in 

direct and uniform contact with the compacted soil component. 


The regulations presented above, also call for a FML that is at least 30 -mil thick or for 
those made of high density polyethylene (HDPE) that is at least 60-mil thick, however, at this 
time modeling parameters for FMLs over time have not been established. If this liner is assumed 
to remain intact for 10,000years, infiltration would be reduced to near zero. However, this is not 
to the case. Some leaks are known to be present initially from seam imperfections and others 
develop over time, however, no method has been developed to model leaking liners. Therefore, 
the case that is modeled here is for a municipal landfill with 2-foot clay liner installed with a 
leachate collection system that maintains a 30 cm depth of leachate over the liner. This is a 
bounding liner condition. In actual practice there will be a FML installed in contact with the clay 
liner (which may be thicker than 2 feet) and the leachate collection system will most likely keep 
the depth of the leachate over the liner to less than 30 cm. 

Table 4-7. Dilution/Attenuation Factors (DAFs), 
95th Percentile (Nationwidedistribution of x-well) 

Landfill Area (m2) DAF (unitless) 

Central tendency 60,705 11 
Small 12,141 27 

Source: U.S. EPA, 1995b. Attachment E. 
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The landfill partitioning model used to estimate emissions and leachate from the landfill 
has been modified to include these liner requirements. Equations have been added to estimate 
the amount of leachate that would be needed to saturate the liner and the volume of leachate that 
would pass through the clay liner once the liner has been saturated. It is assumed that the 
remaining liquid collects over the liner to a depth of 30 cm and any excess leachate is discharged 
through the leachate collection system. The fraction of organic carbon of the clay liner is 
assumed to be very low (HELP model), therefore, only an exceedingly small fraction of the 
solvent constituents are adsorbed by the liner. Liner parameters used in the model are presented 
in Table 4-8 

The addition of the liner does not change the quality or quantity of the potential leachate 
generated in the landfill. It only restricts the volume of infiltration that may be released from the 
landfill to the groundwater. The reduction in the constituent concentration in the groundwater is, 
thus, directly proportional the reduction in the volume of leachate by the liner. The infiltration 
rate without the liner is dependent only upon the climate conditions that are associated with the 
selected geographical locations. The infiltration rate with the liner and leachate collection system 
in place is dependent only upon design criteria (hydraulic conductivity of the liner and allowable 
depth of leachate over the liner) of the system. Therefore, the infiltration rate with identical liner 
systems is identical regardless of their geographical location. The infiltration rates for each site 
both with and without the clay liner and leachate collection system described above are presented 
in Table 4-9. 

Table 4-8. Liner Parameters Used in Analysis 

Liner Parameters Units Value Reference 
Depth of Liner cm 60.96 4OCFR 5258.40 
Sat. hydraulic conductivity cmls 1E-07 4OCFR 5258.40 
Sat. hydraulic conductivity cmlyr 3.15 Catculated 
liner parameter alpha 1Icm 0.008 US.EPA, 1994 
liner parameter beta 1.09 U.S. EPA, 1994 
bulk density of liner gkm3 1.80 U.S. EPA, 1994 
total porosity unitless 0.25 U.S. EPA, 1994 
fraction organic carbon unitless 0.00667 U.S.  EPA, 1994 
deDth of leachate over liner cm 30 40CFR 6258.40 

Table 4-9. Infiltration Rates for Landfills With and Without a Liner 
and Leachate Collection System 

With Liner and 
Leachate Collection Ratio of Infiltration 

Location Without Liner (cmlyr) (cm/Yr) Rates 

Lincoln, NE 24.9 4.7 0.19 

Houston, TX 39.7 4.7 0.12 
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5.0 Receptors and Exposure Pathways 

Receptors, for this analysis, are defined as individuals who may be exposed to 
constituents released from a municipal landfill. Exposure pathway is a broad term that 
encompasses the source, release and transport mechanism(s), exposure points, and exposure 
routes (inhalation, ingestion, or dermal contact) and describes where, when, and how a receptor 
is exposed. This section discusses the receptors and exposure pathways identified in the 
conceptual site exposure model (CSEM) (Figure 5-1). 

5.1 Receptors 

Receptors evaluated in this risk assessment were selected to defined receptor as an 
individual with typical or more probable exposures and individuals with higher exposure 
potential, including sensitive individuals. The latter are included to ensure that both sensitive 
subpopulations and highly exposed individuals are protected. The receptors selected were an 
adult farmer and children. 

5.1.1 Exposure Pathways 

Exposure pathways are described as direct (direct contact with the contaminated source or 
media) or indirect (contact with a secondary defined receptor as an individual source exposed 
through contact with contaminated media). This risk assessment includes both direct and indirect 
exposure pathways.I ,I, 

Constituents associated with contaminated shop towels and wipers managed in offsite 
municipal landfills couldbe released as vapors to the air or leach to groundwater (Figure 5-1). It 
is assumed that erosion and runoff from an operating municipal landfill will be controlled and 
that daily cov'er restricts particulate emissions. 

An adult farmer or child resident living near the landfill could be exposed to 
contaminants by inhaling airborne constituents transported offsite as vapors; ingesting 
constituents in groundwater from a drinking water well; or inhaling, or absorbing through the 
skin, constituents during household uses of well water (e.g., showering). The model used to 
evaluate exposure to groundwater contaminants via showering is described in Appendix D. 
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5.2 Exposure Durations and Intake Factors 

Exposure duration and intake factors are taken from the Exposure Factor's Handbook 
(U.S. EPA, 1997b). Mean or 50th percentile values were used to represent central tendency 
estimates, and recommended high-end values were used in most cases to represent high-end 
exposure estimates. 

5.2.1 Exposure Duration 

Exposure duration refers to the number of years that a receptor is exposed to a 
contaminated source and is assumed to correspond to the receptor's residence time in the same 
dwelling. The Exposure Factors Handbook includes descriptive statistics for residence time for a 
number of population categories including all households, renters, owners, farms, urban, rural, 
age, and region of the country. Exposure durations used in this risk assessment are shown in 
Table 5-1. Residence times of 10 years (50th percentile) were used for the adult farmer as 
recommended by EPA. The adult farmer exposure duration was chosen because it represents a 
conservative estimate. Residence times for the child (7.3 years) were based on averaging 50th 
percentile values reported for children at ages 3 ,6 ,9 ,  12, 15, and 18. Exposure duration is only a 

Table 5-1. Exposure Durations 

Exposure 
duration (vr) Reference 

Farmer i o  U.S. EPA, 1997b. Table 15-164. 
Child of farmer 7.3 U.S. EPA, i997b. Table 15-168. 

Source: U.S. EPA, 1997b. Table 15-164 "Total Residence Time, t (years), 
Correspondingto Selected Values of R(t) by Housing Category" for the farmer; 
Table 15-168 "Descriptive Statistics for Both Genders .by Current Age" for the 
child of farmer. \ 

factor in the estimation of excess cancer risk from constituents because risk is based on the 
average lifetime daily exposure. Exposure duration is not a factor for noncarcinogenic 
constituents because the hazard quotient (HQ) is based on the average daily dose during 
exposure. The baseline risk results presented in this section are based on central tendency 
exposure duration. 

5.3 Air Pathway 

5.3.1 Inhalation Rates 

Recommended inhalation values in the Exposure Factors Handbook are reported by age, 
sex, activity pattern, and outdoor workers; however, high-end values are lacking in most cases. 
The recommended values in the Exposure Factors Handbook are presented in Table 5-2. Inlet 
inhalation this analysis we used the inhalation note for children ages 1-3. 
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Table 5-2. Summary of Recommended Values for Inhalation 
~~ 

PopuIation 
Infants 

<1 yr 

Children 
1-2 yr 
3-5 yr 
6-8 yr 

9-11 yr 
Males 
Females 

12-14 yr 
Males 
Females 

15-18 yr 
Males 
Females 

Adults (19-65+ yr) 
Males 
Females 

Mean long-term exposures 
(m3/d) 

4.5 

6.8 
8.3 
10 

14 
13 

15 
12 

17 
12 

15.2 
11.3 

Based on the key study results (i.e., Layton, 1993). 
The values in bold are the values used in the analysis 

Inhalation risks are based on the most conservative receptors as defined by dose. Dose is 
defined as the intake of contaminant per unit body weight. Based on dose, the most conservative 
adult farmer receptor is assumed to be a male 19 to 65+ years (body weight = 70 kg) and the 
most conservative child receptor is assumed to be a 0- to 5-year-old (body weight = 14 kg). 

5.4 Groundwater Pathways 

Groundwater exposure pathways include groundwater ingestion, inhalation of vapors 
from household water use, and dermal contact during showering and bathing. This section 
presents the exposure assumptions. 

5.4.1 Ingestion of Contaminated Groundwater 

The exposure factors used in the ingestion pathway for contaminated groundwater 
(Table 5-3) are also recommended values from the Exposure Factors Handbook for the adult 
farmer and child. Table 5-3 presents the drinking water intake rates assumed for the risk 
assessment. 



Section 5.0 Receptors and Exposure Pathways 

Table 5-3. Summary of Recommended Drinking Water Intake Rates 

Age group Mean 50th Percentile 90th Percentile 95th Percentile 

<I 0.30 0.24 0.65 0.76 

<3 0.61 NA 1.5 NA 

3-5 0.87 NA 1.5 NA 

1-10 0.74 0.66 1.3 1.5 

11-19 0.97 0.87 1.7 2.0 

Adults 1.4 1.3 2.3 NA 

Pregnant women 1.2 1.I 2.2 2.4 

Lactating women 1.3 1.3 1.9 2.2 

NA = Not available. 
The values in bold are the values used in the analysis 
Source: U.S. EPA. 1997a. 

5.4.2 Noningestion Exposure to Contaminated Groundwater 

Noningestion exposures to contaminated groundwater are due to inhalation and dermal 
exposures from household use of tap water. The greatest source of this exposure is bathing and 
showering. Additional household tap water use is also considered in this risk assessment. The 
assumptions used for nongroundwater risk are presented in Table 5-4.In addition to the exposure 
factors presented in Table 5-4 the health benchmark values used for dermal exposures have been 
calculated based on values available for oral reference dose (RfD) benchmarks. The dermal 
permeability and absorption factors used to estimate benchmark values are presented in 
Table 5-5. Dermal exposures are estimated only for adults. Data for estimating risks to children 
are not readily available. Appendix E presents the complete documentation of this model. 
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Table 5-4. Exposure Factors Used to Determine Hazard Quotient from Inhalation 
Exposure to ContaminatedTap Water 

Exposure factor Parametervalue Reference 

Shower duration 10 min U.S. EPA, 1997b (Table 15-20) (Represents 
time spent showering only) 

Time in bathroom (includes shower dura- 40 min U.S. EPA, 1997b (Tables 15-20, 15-23, and 
tion, time spent in shower stall after shower- 15-114) (Table 15-114 represents 24-hour 
ing, and time spent in bathroom after cumulative time spent in bathroom, which is 
leaving shower stall) conservative to assume that all of this time 

occurs immediately following the shower) 

Shower rate 5.5 Umin Calculated (based on drop diameter and 
nozzle velocity) 

Showerlbath water use 15 gallons per 
capita per day 

U.S. EPA, 1997b (Table 17-14) (Median 
value qcross several studies) si;;;; 

( w d )  

Bathroom water use 35.5 gcd U.S. EPA, 199713 (Table 17-14) (Summation 
of median values for shower, toilet, and one-
half of the otherwater use rates: RTI 
assumed other represents water use in 
sinks) 

House water use 17.5 gcd U.S. EPA, 1997b (Table 17-14) (Summation 
of median values for faundry, Dishwashing, 
and one-half of the otherwater use rates; 

T 
$-

RTI assumed other represents water use in 
sinks) 

Volume of shower stall 2 m3 McKone, 1987 

Volume of bathroom 10 m3 McKone, 1987 

Volume of house 369 m3 U.S. EPA, 1997b (Table 17-31) 

Volumetric gas exchange rate between 100 Umin RTI-derivedvalue 
shower and bathroom 

Volumetric gas exchange rate between 300 Umin RTI-derivedvalue 
bathroom and house 

Volumetric gas exchange rate between 
house and atmosphere 

0.45 air changes 
per hour (2,768 

U.S. EPA, 1997b (Table 17-31) (Median 
value; given a low overall confidence rating) 

Umin) 

Fraction emitted, bathroom 0.50 ' Calculated 

Fraction emitted, house water 0.66 Calculated 

Time toilet emits 40 minld U.S. EPA, 1997b (Tables 15-20, 15-23, and 
15-114) (Table 15-114 represents 24 hour-
cumulative time spent in bathroom, which is 
conservative to assume that all of this time 
occurs immediately following the shower) 

Time house water emits 15.7 hld U.S. EPA, 1997b (based on cumulative time 
spent indoors at a residence, Table 15-131, 
minus time spent in bathroom [see above]) 
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6.0 Risk Results 
The risk results presented in this section are for a single facility disposing of con­

taminated shop towels and wipers in a municipal landfill. All wipers are assumed to weigh an 
equal amount and to be contaminated with an equal amount of solvent. This section also 
discusses use of these results for other possible disposal scenarios. Risk assessment results are 
presented separately for the air pathway and the groundwater pathway. Benchmarks used to 
generate hazard quotients for noncarcinogens and risk estimates for carcinogens are presented in 
Table 6-1. 

6.1 Air Pathway Results 

The air pathway in this analysis is limited to the inhalation of vapors. Risk assessment 
results for the adult and child receptor are presented for each size of landfill (small and central 
tendency) and each size of generator (small and large quantity) for each location (Houston, 
Texas, and Lincoln, Nebraska). 

The inhalation risk results are estimated for all combinations of the following: 

Adults and children 

Locations (Houston or Lincoln) 

Landfill sizes (central tendency and small) 

Generator sizes (SQG and LQG) 

Duration daily waste addition is uncovered (6 hr or 12 hr). 


The inhalation risk results are presented in Tables 6-3 through 6-10. The estimated risks 
are presented for each solvent individually in descending order of risk and are derived assuming 
that each facility uses one solvent type exclusively. Inhalation hazard quotients are reported for 
noncarcinogens (Tables 6-3a through 6-1Oa), and inhalation risk is reported for carcinogens 
(Tables 6-3b through 6-lob). Results are presented only for receptors 75 m from the edge of the 
1andfill. 

6.2 Groundwater Pathway Results 

The groundwater risk results are presented in Tables 6-11 through 6-18. The risk 
estimates are presented for each solvent in descending order of risk and are derived assuming that 
each facility uses only one type of solvent. Ingestion hazard quotients are reported for non­
carcinogens (Tables 6-1 1a through 6-18a), and ingestion risk is reported for carcinogens (Tables 
6-11b through 6-18b). Results are presented for receptor wells 25 feet from the edge of the 
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landfill, at a national average closest receptor distance, and with a clay liner and leachate 
collection system for the national average receptor distance. 

c.n 


The exposure factors used in estimating the inhalation and groundwater risk results for f 
har

the farmer and child are presented in Table 6-2. The air emission rates from the landfills and the 
air concentrations at the receptor locations used in the risk calculations are presented in Section 
4.0, Table 4-3. The leachate concentrations, DAFs and resulting residential well concentrations 
are presented in Section 4.0, Table 4-7. 

The risks for the noningestion pathways have been calculated using a unit concentration 
for the constituent concentration in groundwater. This allows for the development of risk factors 
for each segment of the groundwater risk individually. Thus the total risk due to groundwater 
may be calculated by applying these factors to each segment of the risk. Because the risks are 
additive and are of similar magnitude, an overall risk factor cannot be developed. The 
appropriate risk factors are presented for each constituent in Table 6-19. These risk factors 
should be applied to the groundwater concentrations presented in Section 4.0 Table 4-7 to 
estimate the noningestion risk for each segment and exposure scenario. 
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Table 6-3a. Inhalation Hazard Quotient for Central Tendency Landfill Area 
(Large Quantity Generator-Houston) 

Constituent 

Chlorobenzene 

Pyridine 


Dichlorodifluoromethane 

Methyl isobutyl ketone 

Tetrachloroethylene 

Nitrobenzene 

Carbon disulfide 

Trichlorofluoromethane 

Toluene 

Trichloroethane, 1,1,1-

Methyl ethyl ketone 

Xylenes (total) 

Ethylbenzene 

Ethoxyethanol,2-

Methanol 


6hr 
CAS Inhalation Inhalation 

HQ Adult HQ Child 
108-90-7 0.0002 0.0002 
110-86-1 0.0002 0.0002 

75-71-8 \I 0.0001 0.0001 
108-10-1 0.00009 0.00009 
127-18-4 0.00007 0.00007 
98-95-3 0.00005 0.00005 
75-15-0 0.00004 0.00004 
75-69-4 0.00004 0.00004 
108-88-3 0.00003 0.00003 
71-55-6 0.00002 0.00002 
78-93-3 0.00002 0.00002 
1330-20-7 0.00001 0.00001 
100-41-4 0.000005 0.000005 
110-80-5 0.000005 0.000005 
67-56-1 0.000001 0.000001 

Trichloro-l,2,2-trifluoroethane, 1,1,2- 76-13-1 0.000001 0.000001 

12hr 
Inhalation Inhalation 
HQ Adult HQ Child 

0.0002 0'0002 
0.0002 0.0002 
0.0001 0.0001 

0.00009 0.00009 
0.00007 0.00007 
0.00008 0.00008 
0.00004 0.00004 
0.00004 0.00004 
0.00003 0.00003 
0.00002 0.00002 
0.00002 0.00002 
0.00001 0.00001 
0.000005 0.000005 
0.000005 0.000005 
0.000001 0.000001 
0.000001 0.000001 
0.000001 0.000001 
0.000001 0.000001 

NA NA 
NA NA 
NA NA 
NA NA 
NA NA 
NA NA 
NA NA 
NA NA 
NA NA 
NA NA 

Dichlorobenzene, 1,2-

Acetone 

Ethyl ether 

Butanol 

Isobutyl alcohol 

0-Xylene 

Cresol, o-

Cresol, p­

(rn-Xylene 

Cresol, m-

Cyclohexanone 

Ethvl acetate 


NA = Not available 

95-50-1 0.000001 0.000001 
67-64-1 0.0000009 0.0000009 
60-29-7 NA NA 
71-36-3 NA NA 
78-83-1 NA NA 
95-47-6 NA NA 
95-48-7 NA NA 
106-44-5 NA NA 
108-38-3 NA NA 
108-39-4 NA NA 
108-94-1 NA NA 
141-78-6 NA NA 

Table 6-3b. Inhalation Risk for Central Tendency Landfill Area 
(Large Quantity Generator-Houston) 

Constituent 

Nitropropane, 2- A19 
Carbon tetrachloride 
Benzene 
Trichloroethane, 1,1,2-
Trichloroethylene 
Methylene chloride 
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6hr 12hr 
CAS Inhalation Inhalation Inhalation Inhalation 

Risk Adult Risk Child Risk Adult Risk Child 
79-46-9 3.6E-06 5.6E-06 3.7E-06 5.7E-06 
56-23-5 3.7E-08 5.7E-08 3.7E-08 5.8E-08 
71-43-2 2.OE-08 3.1 E-08 2.OE-08 3.1 E-08 
79-00-5 1.2E-08 1.8E-08 1.2E-08 1.9E-08 
79-01-6 2.5E-09 3.9E-09 2.6E-09 4.OE-09 
75-09-2 1.5E-09 2.3E-09 1.5E-09 2.3E-09 



Section 6.0 Risk Results 

Table 6-4a. Inhalation Hazard Quotient for Central Tendency Landfill Area 
(Large Quantity Generator-Lincoln) 

Constituent 

Chlorobenzene 
Pyridine 
Dichlorodifluoromethane 
Methyl isobutyl ketone 
Tetrachloroethylene 
Nitrobenzene 
Carbon disulfide 
Trichlorofluoromethane 
Toluene 
Trichloroethane, 1,I ,1-
Methyl ethyl ketone 
Xylenes (total) 
Ethylbenzene 
Ethoxyethanol,2-
Methanol 

6hr 12hr 
CAS Inhalation Inhalation Inhalation Inhalation 

HQ Adult HQ Child HQ Adult HQ Child 
108-90-7 0.0002 0.0002 0.0003 0.0003 
110-86-1 0.0002 0.0002 0.0002 0.0002 
75-71-8 0.0001 0.0001 0.0001 0.0001 
108-10-1 0.0001 0.0001 0.0001 0.0001 
127-18-4 0.00008 0.00008 0.00008 0.00008 
98-95-3 0.00006 0.00006 0.00009 0.00009 
75-15-0 0.00005 0.00005 0.00005 0.00005 
75-69-4 0.00005 0.00005 0.00005 0.00005 
108-88-3 0.00003 0.00003 0.00003 0.00003 
71-55-6 0.00003 0.00003 0.00003 0.00003 
78-93-3 0.00002 0.00002 0.00002 0.00002 
1330-20-7 0.00001 0.00001 0.oooo1 0.00001 
100-41-4 0.000006 0.000006 0.000006 0.000006 
110-80-5 0.000003 0.000003 0.000003 0.000003 
67-56-1 0.000001 0.000001 0.000001 0.000001 

Trichloro-l,2,2-trifluoroethane, 1, I  ,2- 76-13-1 0.000001 0.000001 0.000001 0.000001 
Dichlorabenzene, 1,2-
Acetone 
Ethyl ether 
Butanol 
Isobutyl alcohol 
o-Xylene 
Cresol, o-
Cresol, p­
rn-Xylene 
Cresol, rn-
Cyclohexanone 
Ethyl acetate 

NA = Not Available. 

95-50-1 0.000001 0.000001 0.000001 0.000001 
67-64-1 0.000001 0.000001 0.000001 0.000001 
60-29-7 NA N A  N A  N A  
71-36-3 NA NA N A  NA 
78-83-1 NA N A  N A  N A  
95-47-6 NA NA NA N A  
95-48-7 NA NA N A  NA 
106-44-5 NA NA N A  NA 
108-38-3 NA NA NA N A  
108-39-4 NA NA N A  NA 
108-94-1 NA NA NA NA 
141-78-6 NA NA N A  N A  

' 

Table 6-4b. Inhalation Risk for Central Tendency Landfill Area 
(Large Quantity Generator-Lincoln) 

6hr ~ 12hr 
Constituent CAS Inhalation Inhalation Inhalation Inhalation 

Risk Adult Risk Child Risk Adult Risk Child 
Nitropropane, 2- 79-46-9 4.2E-06 6.5E-06 4.3E-06 6.6E-06 
Carbon tetrachloride 56-23-5 4.2E-08 6.6E-08 4.3E-08 6.7E-08 
Benzene 71-43-2 2.3E-08 3.5E-08 2.3E-08 3.6E-08 
Trichloroethane, 1,I ,2- 79-00-5 1.3E-08 2.1 E-08 1.4E-08 2.1 E-08 
Trichloroethylene 79-01-6 2.9E-09 4.6E-09 3.OE-09 4.6E-09 
Methylene chloride 75-09-2 1.7E-09 2.6E-09 1.7E-09 2.7E-09 
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Section 6.0 Risk Results 
zsnl 

Table 6-5a. Inhalation Hazard Quotient for Central Tendency Landfill Area rbnd(SmaI I Quantity Generator-Houston) 

Constituent 

Chlorobenzene 

Pyridine 

Dichlorodifluoromethane 

Methyl isobutyl ketone 

Tetrachloroethylene 

Nitrobenzene 

Carbon disulfide 

Trichlorofluoromethane 

Toluene 

Trichloroethane, 1,1,1-

Methyl ethyl ketone 

Xylenes (total) 

Ethylbenzene 

Ethoxyethanol, 2-

Methanol 


6hr 12hr 
CAS Inhalation HQ Inhalation HQ Inhalation HQ Inhalation HQ 

Adult Child Adult Child 
108-90-7 0.00005 0.00005 0.00006 0.00006 
110-86-1 0.00004 0.00004 0.00005 0.00005 
75-71-8 0.00003 0.00003 0.00003 0.00003 
108-10-1 0.00002 0.00002 0.00002 0.00002 
127-18-4 0.00002 0.00002 0.00002 0.00002 
98-95-3 0.00001 0.00001 0.00002 0.00002 
75-15-0 0.00001 0.00001 0.00001 0.0000 1 
75-69-4 0.00001 0.00001 0.00001 0.00001 
108-88-3 0.000007 0.000007 0.000007 0.000007 
71-55-6 0.000006 0.000006 0.000006 0.000006 
78-93-3 0.000004. 0.000004 0.000004 0.000004 
1330-20-7 0.000002 0.000002 0.000002 0.000002 
100-41-4 0.000001 0.000001 0.000001 0.000001 
110-80-5" 0.000001 0.000001 0.000001 0.000001 
67-56-1 0.0000004 0.0000004 0.0000004 0.0000004 

Trichloro-l,2,2-trifluoroethane, 1,1,2- 76-13-1 0.0000003 0.0000003 0.0000003 0.0000003 

Dichlorobenzene, 1,2-
Acetone 
Ethyl ether 
Butanol 
Isobutyl alcohol 
o-Xylene 
Cresol, o-
Cresol, p­
m-Xylene 
Cresol, m-
Cyclohexanone 
Ethvl acetate 

NA = Not available 

' Table 6-5b. Inhalation Risk for Central Tendency Landfill Area 

95-50-1 0.0000002 0.0000002 0.0000003 0.0000003 
67-64-1 0.0000002 0.0000002 0.0000002 0.0000002 
60-29-7 NA NA NA NA 
71-36-3 NA NA NA NA \ 

78-83-1 NA NA NA NA 
95-47-6 NA NA NA NA 
95-48-7 NA NA NA NA 
106-44-5 NA NA NA NA 
108-38-3 NA NA NA NA 
108-39-4 NA NA NA NA 
108-94-1 NA NA NA NA 
141-78-6 NA NA NA NA 

(Small Quantity Generator-Houston) 
6hr 12hr 

Constituent CAS Inhalation Inhalation Inhalation Inhalation 
Risk Adult Risk Child Risk Adult Risk Child 

Nitropropane, 2- 79-46-9 9.OE-07 1.4E-06 9.2E-07 1.4E-06 

Carbon tetrachloride 56-23-5 9.2E-09 1.4E-08 9.4E-09 1.5E-08 

Benzene 71-43-2 5.OE-09 7.7E-09 5.OE-09 7.8E-09 

Trichloroethane, 1,1,2- 79-00-5 2.9E-09 4.6E-09 3.0 E-09 4.7E-09 

Trichloroethylene 79-01-6 6.4E-10 9.9E-10 6.5E-10 1.OE-09 

Methvlene chloride 75-09-2 3.7E-10 5.7E-10 3.7E-10 5.8E-10 



Section 6.0 Risk Results 

Table 6-6a. Inhalation Hazard Quotient for Central Tendency Landfill Area 
(Small Quantity Generator-Lincoln) 

Constituent 

Chlorobenzene 
Pyridine 
Dichlorodifluoromethane 
Methyl isobutyl ketone 
Tetrachloroethylene 
Nitrobenzene 
Carbon disulfide 
Trichlorofluoromethane 
Toluene 
Trichloroethane, 1,1,1-
Methyl ethyl ketone 
Xylenes (total) 
Ethylbenzene 
Ethoxyethanol, 2-
Methanol 

6hr 12hr 
CAS Inhalation Inhalation Inhalation Inhalation 

HQ Adult HQ Child HQ Adult HQ Child 
108-90-7 0.00006 0.00006 0.00006 0.00006 
110-86-1 0.00005 0.00005 0.00005 0.00005 
75-71-8 0.00003 0.00003 0.00004 0.00004 
108-10-1 0.00003 0.00003 0.00003 0.00003 
127-18-4 0.00002 0.00002 0.00002 0.00002 
98-95-3 0.00002 0.00002 0.00002 0.00002 
75-15-0 0.00001 0.00001 0.00001 0.00001 
75-69-4 0.00001 0.00001 0.00001 0.00001 
108-88-3 0.000008 0.000008 0.000008 0.000008 
71-55-6 0.000007 0.000007 0.000007 0.000007 
78-93-3 0.000005 0.000005 0.000005 0.000005 
1330-20-7 0.000002 0.000002 0.000002 0.000002 
100-41-4 0.000002 0.000002 0.000002 0.000002 
110-80-5 0.000001 0.000001 0.000001 0.000001 
67-56-1 0.0000003 0.0000003 0.0000003 0.0000003 

Trichloro-l,2,2-trifluoroethane, 1,1,2- 76-13-1 0.0000003 0.0000003 0.0000003 0.0000003 
Dichlorobenzene, 1,2- 95-50-1 0.0000003 0.0000003 0.0000004 0.0000004 
Acetone 67-64-1 0.0000003 0.0000003 0.0000003 0.0000003 
Ethyl ether 60-29-7 NA NA NA NA 
Butanol 71-36-3 NA N A ,  NA NA 
Isobutyl alcohol 78-83-1 N A  NA NA N A  
o-Xylene 95-47-6 NA NA NA NA 
Cresol, o- 95-48-7 N A  N A  N A  N A  
Cresol, p- 106-44-5 NA NA NA NA 
m-Xylene 108-38-3 NA NA NA NA 
Cresol, m- 108-39-4 NA NA NA NA 
Cyclohexanone 108-94-1 NA NA NA NA 
Ethvl acetate 141-78-6 NA NA N A  N A  

N A  = Not available. 

Table 6-6b. Inhalation Risk for Central Tendency Landfill Area 
(Small Quantity Generator-Lincoln) 

Constituent 

Nitropropane, 2-
Carbon tetrachloride 
Benzene 
Trichloroethane, 1,1,2-
Trichloroethylene 
Methylene chloride 

6hr 12hr 
CAS 	 Inhalation Inhalation Inhalation Inhalation 

Risk Adult Risk Child Risk Adult Risk Child 
79-46-9 1.1E-06 1.6E-06 1.1E-06 1.7E-06 
56-23-5 1.I E-08 1.7E-08 1.1E-08 1.7E-08 
71-43-2 5.7E-09 8.9E-09 5.8E-09 9.1 E-09 
79-00-5 3.4E-09 5.3E-09 3.5E-09 5.4E-09 
79-01-6 7.4E-10 1.1E-09 7.5E-10 1.2E-09 
75-09-2 4.3E-10 6.6E-10 4.3E-10 6.7E-10 



Section 6.0 Risk Results 

Table 6-7a. Inhalation Hazard Quotient for Small Landfill Area 
(Large Quantity Generator-Houston) 

Constituent 

Chlorobenzene 

Pyridine 

Dichlorodifluoromethane 

Methyl isobutyl ketone 

Tetrachloroethylene 

Nitrobenzene 

Carbon disulfide 

Trichlorofluoromethane 

Toluene 

Trichloroethane, 1,1,1-

Methyl ethyl ketone 

Xylenes (total) 

Ethylbenzene 

Ethoxyethanol, 2-

Methanol 


6hr 12hr 
CAS Inhalat ion Inhalation HQ Inhalation HQ Inhalation HQ 

HQ Adult Child Adult 
108-90-7 0.0003 0.0003 0.0004 
110-86-1 0.0003 0.0003 0.0003 
75-71-8 0.0002 0.0002 0.0002 
108-10-1 0.0001 0.0001 0.0002 
127-18-4 0.0001 0.0001 0.0001 
98-95-3 0.00009 0.00009 0.00013 
75-15-0 0.00007 0.00007 0.00007 
75-69-4 0.00007 0.00007 0.00007 
108-88-3 0.00005 0.00005 0.00005 
71-55-6 0.00004 0.00004 0.00004 
78-93-3 0.00003 0.00003 0.00003 
1330-20-7 0.00001 0.00001 0.00001 
100-41-4 0.000008 0.000008 0.000009 
110-80-5 0.000008 0.000008 0.000008 
67-56-1 0.000002 0.000002 0.000002 

Trichloro-l,2,2-trifluoroethane, 1,1,2- 76-13-1 0.000002 0.000002 0.000002 
Dichlorobenzene, 1,2- 95-50.1 0.000002 0.000002 0.000002 
Acetone 67-64-1 0.000002 0.000002 0.000002 
Ethyl ether 60-29-7 NA NA NA 
Butanol 71-36-3 NA NA NA 
Isobutyl alcohol 78-83-1 NA NA NA 
o-Xylene 95-47-6 NA NA NA 
Cresol, o- 95-48-7 NA NA NA 
Cresol, p- 106-44-5 NA NA NA 
m-Xylene 108-38-3 NA NA NA 

Cresol, m- 108-39-4 NA NP NA 
Cyclohexanone 108-94-1 NA NA NA 
Ethvl acetate 141-78-6 NA NA NA 

NA = Not available. 

Table 6-7b. Inhalation Risk for Small Landfill Area 
(Large Quantity Generator-Houston) 

6hr 
Constituent CAS Inhalation Inhalation Risk Inhalation 

Risk Adult Child Risk Adult 
Nitropropane, 2- 79-46-9 5.8E-06 9.OE-06 5.9E-06 
Carbon tetrachloride 56-23-5 5.9E-08 9.2E-08 6.OE-08 
Benzene 71-43-2 3.2E-08 5.OE-08 3.2E-08 
Trichloroethane, 1,1,2- 79-00-5 1.9E-08 2.9E-08 1.9E-08 
Trichloroethylene 79-01-6 4.1 E-09 6.4E-09 4.2E-09 
Methylene chloride 75-09-2 2.4E-09 3.7E-09 2.4E-09 

Child 
0.0004 
0.0003 
0.0002 
0.0002 
0.0001 
0.00013 
0.00007 
0.00007 
0.00005 
0.00004 
0.00003 
0.00001 
0.000009 
0.000008 
0.000002 
0.000002 
0.000002 
0.000002 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

12hr 
Inhalation Risk 

Child 
9.2E-06 

4 W b9.4E-08 

5.1 E-08 

3.OE-08 F": 

6.5E-09 t 

3.8E-09 

%a%r 
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Section 6.0 Risk Results 

Table 6-8a. Inhalation Hazard Quotient for Small Landfill Area 
(Large Quantity Generator-Lincoln) 

Constituent 

Chlorobenzene 

Pyridine 

Dichlorodifluoromethane 

Methyl isobutyl ketone 

Tetrachloroethylene 

Nitrobenzene 

Carbon disulfide 

Trichlorofluoromethane 

Toluene 

Trichloroethane, 1,l, I  -

Methyl ethyl ketone 

Xylenes (total) 

Ethylbenzene 

Ethoxyethanol, 2-

Methanol 


6hr 12hr 
CAS Inhalation Inhalation Inhalation Inhalation 

HQ Adult HQ Child HQ Adult HQ Child 
108-90-7 0.0004 0.0004 0.0004 0.0004 
110-86-1 0.0003 0.0003 0.0004 0.0004 
75-71-8 0.0002 0.0002 0.0002 0.0002 
108-10-1 0.0002 0.0002 0.0002 0.0002 
127-18-4 0.0001 0.0001 0.0001 0.0001 
98-95-3 0.0001 0.0001 0.0002 0.0002 
75-15-0 0.00008 0.00008 0.00009 0.00009 
75-69-4 0.00008 0.00008 0.00009 0.00009 
108-88-3 0.00006 0.00006 0.00006 0.00006 
71-55-6 0.00005 0.00005 0.00005 0.00005 
78-93-3 0.00003 0.00003 0.00003 0.00003 
1330-20-7 0.00002 0.00002 0.00002 0.00002 
100-41-4 0.00001 0.00001 0.00001 0.00001 
110-80-5 0.000004 0.000004 0.000005 0.000005 
67-56-1 0.000002 0.000002 0.000002 0.000002 

Trichloro-l,2,2-trifluoroethane, 1,1,2- 76-13-1 0.000002 0.000002 0.000002 0.000002 
Dichlorobenzene, 1,2-

Acetory 

Ethyl ether 

Butanol 

Isobutyl alcohol 

o-Xylene 

Cresol, o-

Cresol, p­

m-Xylene 

Cresol, m-

Cyclohexanone 

Ethvl acetate 


NA = Not available, 

95-50-1 0.000002 0.000002 0.000003 0.000003 
67-64-1 0.000002 0.000002 0.000002 0.000002 
60-29-7 NA NA NA NA 
71-36-3 NA NA NA NA 
78-83-1 NA NA NA NA 
95-47-6 NA NA NA NA 
95-48-7 NA NA NA NA 
106-44-5 NA NA NA NA 
108-38-3 NA NA NA NA 
108-39-4 NA NA NA NA 
108-94-1 NA NA NA NA 
141-78-6 NA NA NA NA 

Table 6-8b. Inhalation Risk for Small Landfill Area 
(Large Quantity Generator-LincoIn) 

Constituent 

Nitropropane, 2-
Carbon tetrachloride 
Benzene 
Trichloroethane, 1,1,2-
Trichloroethylene 
Methvlene chloride 

6hr 12hr 
CAS 	 Inhalation Inhalation Inhalation Inhalation 

Risk Adult Risk Child Risk Adult Risk Child 
79-46-9 7.2E-06 1.1E-05 7.4E-06 1.1E-05 
56-23-5 7.3E-08 1.1E-07 7.4E-08 1.2E-07 
71-43-2 3.9E-08 6.1E-08 4.OE-08 6.2E-08 
79-00-5 2.3E-08 3.6E-08 2.4E-08 3.7E-08 
79-01-6 5.1E-09 7.9E-09 5.2E-09 8.OE-09 
75-09-2 2.9E-09 4.6E-09 3.OE-09 4.6E-09 
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Section 6.0 Risk Results 

~ Table 6-9a. Inhalation Hazard Quotient for Small Landfill Area 
(Small Quantity Generator-Houston) 

6hr 12hr 
Constituent CAS Inhalation Inhalation Inhalation Inhalation 

HQ Adult HQ Child HQ Adult HQ Child 
Chlorobenzene 108-90-7 0.00009 0.00009 0.00009 0.00009 
Pyridine 110-86-1 0.00007 0.00007 0.00007 0.00007 
Dichlorodifluoromethane 75-71-8 0.00005 0.00005 0.00005 0.00005 
Methyl isobutyl ketone 108-10-1 0.00004 0.00004 0.00004 0.00004 
Tetrachloroethylene 127-18-4 0.00003 0.00003 0.00003 0.00003 
Nitrobenzene 98-95-3 0.00002 0.00002 0.00003 0.00003 
Carbon disulfide 75-15-0 0.00002 0.00002 0.00002 0.00002 
Trichlorofluoromethane 75-69-4 0.00002 0.00002 0.00002 0.00002 
Toluene 7 08-88-3 0.00001 0.00001 0.00001 0.00001 
Trichloroethane, 1,1,1- 71-55-6 0.00001 0.00001 0.00001 0.00001 
Methyl ethyl ketone 78-9313 0.000007 0.000007 0.000007 0.000007 
Xylenes (total) 1330-20-7 0.000003 0.000003 0.000003 0.000003 
Ethylbenzene 100-41-4 0.000002 0.000002 0.000002 0.000002 
Ethoxyethanol, 2- 110-80-5 0.000002 0.000002 0.000002 0.000002 
Methanol 67-56-1 0.0000006 0.0000006 0.0000006 0.0000006 
Trichloro-l,2,2-trifluoroethane, 1,1,2- 76-13-1 0.0000004 0.0000004 0.0000004 0.0000004 
Dichlorobenzene, 1,2- 95-50-1 0.0000004 0.0000004 0.0000005 0.0000005 
Acetone 67-64-1 0.0000004 0.0000004 0.0000004 0.0000004 
Ethyl ether 60-29-7 N A  N A  N A  NA 
Butanol 71-36-3 NA NA N A  NA 
Isobutyl alcohol 78-83-1 NA NA N A  NA 
o-Xylene 95-47-6 NA NA N A  N A  
Cresol, o- 95-48-7 N A  N A  N A  NA 
Cresol, 
m-Xylene 108-38-3 

N A  NA N A  NA 
Cresol, m- 108-39-4 N A  N A  N A  NA 
Cyclohexanone 108-94-1 N A  N A  NA NA 
Ethyl acetate 141-78-6 N A  N A  N A  N A  

NA = Not available. 

p- 106-44-5 N A  NA NA N A  
I 

Table 6-9b. Inhalation Risk for Small Landfill Area 
(SmaII Quantity Generator-Houston) 

6hr 12hr 
Constituent CAS Inhalation Inhalation Inhalation Inhalation 

Risk Adult Risk Child Risk Adult Risk Child 
Nitropropane, 2- A I  6 79-46-9 1.5E-06 2.3E-06 1.5E-06 2.3E-06 

Carbon 'tetrachloride 56-23-5 1.5E-08 2.3E-08 1.5E-08 2.4E-08 
Benzene 71-43-2 8.OE-09 1.2E-08 8.2E-09 1.3E-08 
Trichloroethane, 1,I ,2- 79-00-5 4.7E-09 7.4E-09 4.9E-09 7.6E-09 
Trichloroethylene 79-01-6 1.OE-09 1.6E-09 1.1E-09 1.6E-09 
Methvlene chloride . 75-09-2 5.9E-10 9.3E-10 6.1E-10 9.4E-10 
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i,, ... Section 6.0 Risk Results 

Table 6-loa. Inhalation Hazard Quotient for Small Landfill Area 
(SmaI I Quantity Generator-LincoI n) 
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Constituent 

Chlorobenzene 

Pyridine 

Dichlorodifluoromethane 

Methyl isobutyl ketone 

Tetrachloroethylene 

Nitrobenzene 

Carbon disulfide 

Trichlorofluoromethane 

Toluene 

Trichloroethane, 1,1,1-

Methyl ethyl ketone 

Xylenes (total) 

EtHylbenzene 

Ethoxyethanol, 2-

Methanol 

Trichloro-l,2,2-trifluoroethane, 1,1,2-
Dichlorobenzene, 1,2-
Acetone 
Ethyl ether 
Butanol 
Isobutyl alcohol 
o-Xylene 
Cresol, o-
Cresol, p­
m-Xylene 
Cresol, m-
Cyclohexanone 
Ethvl acetate 

N A  = Not available. 

6hr 12hr 
CAS Inhalation Inhalation HQ Inhalation Inhalation HQ 

HQ Adult Child HQ Adult Child 
108-90-7 0.0001 0.0001 0.0001 0.0001 
110-86-1 0.00008 0.00008 0.00009 0.00009 
75-71-8 0.00006 0.00006 0.00006 0.00006 
108-10-1 0.00005 0.00005 0.00005 0.00005 
127-18-4 0.00003 0.00003 0.00003 0.00003 
98-95-3 0.00003 0.00003 0.00004 0.00004 
75-15-0 0.00002 0.00002 0.00002 0.00002 
75-69-4 0.00002 0.00002 0.00002 0.00002 
108-88-3 0.00001 0.00001 0.00001 0.00001 
71-55-6 0.00001 0.00001 0.00001 0.00001 
78-93-3 0.000008 0.000008 0.000008 0.000008 
1330-20-7 0.000004 0.000004 0.000004 0.000004 
100-41-4 0.000003 0.000003 0.000003 0.000003 
110-80-5 0.000001 0.000001 0.000001 0.000001 
67-56-1 0.0000005 0.0000005 0.0000006 0.0000006 
76-13-1 0.0000005 0.0000005 0.0000005 0.0000005 
95-50-1 0.0000005 0.0000005 0.0000006 0.0000006 
67-64-1 0.0000004 0.0000004 0.0000005 0.0000005 
60-29-7 NA N A  N A  NA 
71-36-3 NA N A  N A  NA 
78-83-1 NA NA NA N A  
95-47-6 N A  N A  NA NA 
95-48-7 N A  NA NA NA 
106-44-5 N A  N A  NA NA 
108-38-3 NA NA NA NA 
108-39-4 N A  NA NA N A  
108-94-1 N A  NA NA NA 
141-78-6 N A  NA N A  N A  

Table 6-lob. Inhalation Risk for Small Landfill Area 
/

(Small Quantity Generator-Lincoln) 

6hr 12hr 
Constituent CAS Inhalation Inhalation Risk Inhalation Inhalation Risk 

Risk Adult Child Risk Adult Child 
Nitropropane, 2- 79-46-9 1.8E-06 2.8E-06 1.9E-06 2.9E-06 
Carbon tetrachloride 56-23-5 1.8E-08 2.9E-08 1.9E-08 2.9E-08 
Benzene 71-43-2 9.9E-09 1.5E-08 1.OE-08 1.6E-08 
Trichloroethane, 1, I  ,2- 79-00-5 5.8E-09 9.1 E-09 6.OE-09 9.3E-09 
Trichloroethylene 79-01-6 1.3E-09 2.OE-09 1.3E-09 2.OE-09 
Methvlene chloride 75-09-2 7.4E-10 1.1E-09 7.5E-10 1.2E-09 
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Section 6.0 Risk Results 

0 

Table 6-11a. Drinking Water Ingestion Hazard Quotient for i 

1op-d
Central Tendency Landfill Area (Large Quantity Generator-Houston) 

National Average X-Well 25 Ft X-Well National Average X-Well 
and Liner 

12hr 12hr 12hr 
Constituent CAS DWHQ DWHQ DWHQ DWHQ DWHQ DWHQ 

Adult Child Adult Child Adult Child 

Pyridine 110-86-1 20 30 138 206 2 4 
Nitrobenzene 98-95-3 1 2 7 14 0.1 0.2 
Cresol, p- 106-44-5 0.6 1 4 7 0.07 0.1 
Acetone 67-64-1 0.1 0.2 0.7 1 0.01 0.02 
Butanol 71-36-3 0.1 0.2 0.7 1 0.01 0.02 
Methyl isobutyl ketone 108-10-1 0.1 0.2 0.7 1 0.01 0.02 
Ethyl ether 60-29-7 0.05 0.08 0.3 0.6 0.006 0.01 
Isobutylalcohol 78-83-1 0.05 0.09 0.3 0.6 0.006 0.01 
Cresol, m- 108-39-4 0.05 0.08 0.3 0.6 0.006 0.01 
Ethoxyethanol, 2- 17 0-80-5 0.05 0.08 0.3 0.6 0.006 0.01 
Methanol 67-56-1 0.04 0.06 0.3 0.4 0.005 0.007 
Methyl ethyl ketone 78-93-3 0.03 0.05 0.2 0.3 0.004 0.006 
Cresol, o- 95-48-7 0.03 0.04 0.2 0.3 0.004 0.005 
Carbon disulfide 75-15-0 0.02 0.03 0.1 0.2 0.002 0.004 
Ethyl acetate 141-78-6 0.02 0.03 0.1 0.2 0.002 0.004 
Tetrachloroethylene 127-18-4 0.005 0.008 0.03 0.06 0.0006 0.001 
Cyclohexanone 108-94-1 0.004 0.006 0.03 0.04 0.0005 0.0007 
Chlorobenzene 108-90-7 0.003 0.005 0.02 0.03 0.0004 0.0006 
Ethylbenzene 100-41-4 0.001 0.002 0.01 0.01 0.0001 0.0002 
Toluene 108-88-3 0.001 0.002 0.007 0.01 0.0001 0.0002 
Dichlorodifluoromethane 75-71-8 0.0005 0.0008 0.003 0.006 0.00006 0.0001 
Trichloroethane, 1,1,1- 71-55-6 0.0004 0.0006 0.003 0.004 0.00005 0.00007 
Trichlorofluorornethane 75-69-4 0.0002 0.0003 0.001 0.002 0.00002 0.00004 
Dichlorobenzene, 1,2- 95-50-1 0.0002 0.0003 0.001 0.002 0.00002 0.00004 
o-Xylene 95-47-6 0.0001 0.0002 0.001 0.001 0.00001 0.00002 
rn-Xylene 108-38-3 0.00009 0.0002 0.0006 0.001 0.00001 0.00002 
Xylenes (total) 1330-20-7 0.00004 0.00007 0.0003 0.0005 0.000005 0.000008 
Trichloro-1.2.2-trifluoroethane. 1.1.2- 76-13-1 0.000004 0.000007 0.00003 0.00005 0.0000005 0,0000008 

Table 6-11b. Drinking Water Ingestion Risk for 
Central Tendency Landfill Area (Large Quantity Generator-Houston) 

12hr 1zhr 1zhr 
Constituent CAS DW Risk DW Risk DW Risk DW Risk DW Risk DW Risk 

Adult Child Adult Child Adult Child 
Methylene chloride 75-09-2 3.9E-06 4.8E-06 8.3E-05 1.OE-04 4.7E-07 5.8E-07 
Benzene 71-43-2 3.4E-06 4.2E-06 7.2E-05 8.8E-05 4.1E-07 5.OE-07 
Trichloroethane, 1,1,2- 79-00-5 1.9E-06 2.3E-06 3.9E-05 4.8E-05 2.2E-07 2.7E-07 
Carbon tetrachloride 56-23-5 6 9E-07 8.4E-07 1.5E-05 1BE-05 8.3E-08 1.OE-07 
Trichloroethylene 79-01-6 7.3E-08 8.9E-08 1.5E-06 1.9E-06 8.7E-09 1.1E-08 
Nitropropane. 2- 79-46-9 NA NA NA NA NA NA 

r 

NA = Not available. 

?--

I 
L 

6-14 	 r'd 
i 



Section 6.0 Risk Results 

Table 6-12a. Drinking Water Ingestion Hazard Quotient for 

Central Tendency Landfill Area (Large Quantity Generator-Lincoln) 


Pyridine 

Pyridine** 

Nitrobenzene 

Cresol, p-

Acetone 

Butanol 

Methyl isobutyl ketone 

Ethyl ether 

Ethoxyethanol, 2-

Cresol, m- 

Ethoxyethanol, 2- ** 

Methanol 

Methyl ethyl ketone 

Cresol, o-

Carbon disulfide 

Ethyl acetate 

Tetrachloroethylene 

Cyclohexanone 

Chlorobenzene 

Ethylbenzene 

Toluene 

Trichloroethane, 1,1,1-

Dichlorodifluoromethane 

Trichlorofluoromethane 

Dichlorobenzene, 1,2­

o-Xylene 

m-Xylene 

Xylenes (total) 


National Average X-Well 25 Ft X-Well National Average X-Well 
and Liner 

12hr 
CAS DW HQ DWHQ DWHQ DWHQ DWHQ DWHQ 

Adult Child Adult Child Adult Child 

110-86-1 4 7 28 48 0.8 1 
98-95-3 0.3 0.4 2 3 0.06 0.08 
106-44-5 0.1 0.2 0.7 1 0.02 0.04 
(67-64-1 0.04 0.06 0.3 0.4 0.01 0.01 
71-36-3 0.04 0.06 0.3 0.4 0.01 0.01­
108-10-1 0.03 0.05 0.2 0.3 0.006 0.010 
60-29-7 0.01 0.02 0.07 0.1 0.002 0.004 
78-83-1 0.01 0.02 0.07 0.1 0.002 0.004 
108-39-4 0.01 0.02 0.07 0.1 0.002 0.004 
110-80-5 0.01 0.02 0.07 0.1 0.002 0.004 
67-56-1 0.009 0.01 0.06 0.07 0.002 0.002 
78-93-3 0.007 0.01 0.05 0.07 0.001 0.002 
95-48-7 0.006 0.01 0.04 0.07 0.001 0.002 
75-15-0 0.004 0.007 0.03 0.05 0.0008 0.001 
141-78-6 0.004 0.007 0.03 0.05 0.0008 0.001 
127-18-4 0.001 0.002 0.01 0.01 0.0002 0.0004 
108-94-1 0.0009 0.002 0.006 0.014 0.0002 0.0004 
108-90-7 0.0007 0.001 0.005 0.007 0.0001 0.0002 
100-41-4 0.0004 0.0006 0.003 0.004 0.00008 0.0001 
108-88-3 0.0003 0.0005 0.002 0.003 0.00006 0.0001 
71-55-6 0.0001 0.0002 0.001 0.001 0.00002 0.00004 
75-71-8 0.0001 0.0002 0.0007 0.001 0.00002 0.00004 
75-69-4 0.00005 0.00008 0.0003 0.0006 0.00001 0.00002 
95-50-1 0.00004 0.00007 0.0003 0.0005 0.00001 0.00001 
95-47-6 0.00003 0.00004 0.0002 0.0003 0.000006 0.000008 
108-38-3 0.00002 0.00004 0.0001 0.0003 0.000004 0.000008 
1330-20-7 0.00001 0.00002 0.00007 0.0001 0.000002 0.000004 

Trichloro-l.2.2-trifluoroethane, 1,1,2- 76-13-1 0.000001 0.000002 0.000007 0.0000 0.0000002 0.0000004 

Table 6-12b. Drinking Water Ingestion Risk for 
Central Tendency Landfill Area (Large Quantity Generator-Lincoln) 

12hr 12hr 12hr 
Constituent CAS DW Risk . DW Risk DW Risk DW DW Risk DW Risk 

Adult Child Adult Risk Adult Child 
Child 

Methylene chloride 75-09-2 1.OE-06 1.2E-06 6.9E-06 8.4E-06 1.9E-07 2.3E-07 
Benzene 71-43-2 8.7E-07 1.1E-06 6.OE-06 7.3E-06 1.7E-07 2.OE-07 
Trichloroethane, 1,1,2- 79-00-5 4.7E-07 5 8E-07 3.2E-06 4.OE-06 9.OE-08 1.1E-07 
Carbon tetrachloride 56-23-5 1.7E-07 2.1E-07 1.2E-06 1.5E-06 3.3E-08 4.1E-08 
Trichloroethylene 79-01-6 1.8E-08 2.2E-08 1.3E-07 1.5E-07 3.5E-09 4.3E-09 
Nitrouropane, 2- * 79-46-9 NA NA NA NA NA NA 

NA = Not available. 
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Section. 6.0 Risk Results 

Table 6-13a. Drinking Water Ingestion Hazard Quotient for 

Central Tendency Landfill Area (Small Quantity Generator-Houston) 


Constituent 

Pyridine 

Nitrobenzene 

Cresol, p-

Acetone 

Butanol 

Methylisobutyl ketone 

Ethyl ether 

Isobutyl alcohol 

Cresol, m-

Ethoxyethanol, 2-

Methanol 

Methyl ethyl ketone 

Cresol, o-

Carbon disulfide 

Ethyl acetate 

Tetrachloroethylene 

Cyclohexanone 

Chlorobenzene 

Ethylbenzene 

Toluene 

Trichloroethane,1,1,1-

Dichlorodifluoromethane 

Trichlorofluorornethane 

Dichlorobenzene, 1,2­

o-Xylene 

m-Xylene 

Xylenes (total) 


NationalAverage X- 25 Ft X-Well NationalAverage X-
Well Well and Liner 
12hr 

CAS D W H Q  D W H Q  D W H Q  D W H Q  D W H Q  D W H Q  
Adult Child Adult Child Adult Child 

110-86-1 4 7 28 48 0.5 0.8 
98-95-3 0.3 0.4 2 3 0.04 0.05 
106-44-5 0.1 0.2 0.7 1 0.01 0.02 
67-64-1 0.04 0.06 0.3 0.4 0.005 0.007 
71-36-3 0.04 0.06 0.3 0.4 0.005 0.007 
108-10-1 0.03 0.05 0.2 0.3 0.004 0.006 
60-29-7 0.01 0.02 0.1 0.1 0.001 0.002 
78-83-1 0.01 0.02 0.07 0.1 0.001 0.002 
108-39-4 0.01 0.02 0.07 0.1 0.001 0.002 
110-80-5 0.01 0.02 0.07 0.1 0.001 0.002 
67-56-1 0.009 0.01 0.06 0.07 0.001 0.001 
78-93-3 0.007 0.01 0.05 0.07 0.0008 0.001 
95-48-7 0.006 0.01 0.04 0.07 0.0007 0.001 
75-15-0 0.004 0.007 0.03 0.05 0.0005 0.0008 
141-78-6 0.004 0.007 0.03 0.05 0.0005 0.0008 
127-18-4 0.001 0.002 0.01 0.01 0.0001 0.0002 
108-94-1 0.0009 0.002 0.006 0.014 o.boo1 0.0002 
108-90-7 0.0007 0.001 0.005 0.007 0.00008 0.0001 
100-41-4 0.0004 0.0006 0.003 0.004 0.00005 0.'00007 
108-88-3 0.0003 0.0005 0.002 0.003 0.00004 0.00006 
71-55-6 0.0001 0.0002 0.001 0.001 0.00001 0.00002 
75-71-8 0.0001 0.0002 0.0007 0.001 0.00001 0.00002 
75-69-4 0.00004 0.00007 0.0003 0.0005 0.000005 0.000008 
95-50-1 0.00004 0.00007 0.0003 0.0005 0.000005 0.000008 
95-47-6 0.00003 0.00004 0.0002 0.0003 0.000004 0.000005 
108-38-3 0.00002 0.00004 0.0001 0.0003 0.000002 0.000005 
1330-20-7 0.00001 0.00002 0.00007 0.0001 0.000001 0.000002 

Trithloro-l,2.2-trifluoroethane. 1.1.2- 76-13-1 0.000001 0.000002 0.000007 0.00001 0.0000001 0.0000002 

Table 6-13b. Drinking Water Ingestion Risk for 

Central Tendency Landfill Area (Small Quantity Generator-Houston) 


12hr 
Constituent CAS DW Risk DW Risk 

Adult Child 
Methylenechloride 75-09-2 9.9E-07 1.2E-06 
Benzene 71-43-2 8.6E-07 1.1 E-06 
Trichloroethane, 1,1,2- 79-00-5 4.7E-07 5.8E-07 
Carbon tetrachloride 56-23-5 1.7E-07 2.1E-07 
Trichloroethylene 79-01-6 1.8E-08 2.2E-08 

12hr 12hr 
DW Risk DW Risk DW Risk DW Risk 

Adult Child Adult Child 
6.8E-06 8.3E-06 1.2E-07 1.5E-07 
5 9E-06 7.3E-06 1.OE-07 1.3E-07 
3.2E-06 4.OE-06 5.7E-08 6.9E-08 
1.2E-06 1.5E-06 2.1 E-08 2.5E-08 
1.3E-07 1.5E-07 2.2E-09 2.7E-09 

NitroDrooane. 2- * 79-46-9 NA NA NA NA NA NA 

NA = Not available. 
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Section 6.0 Risk Results 

Table 6-14a. Drinking Water Ingestion Hazard Quotient for 
Central Tendency Landfill Area (Small Quantity Generator-Lincoln) 

Constituent 

Pyridine 

Nitrobenzene 

Cresol, p-

Acetone 

Butanol 

Methyl isobutyl ketone 

Ethyl ether 

Isobutyl alcohol 

Cresol, rn-

Ethoxyethanol, 2-

Methanol 

Methyl ethyl ketone 

Cresol, o-

Carbon disulfide 

Ethyl acetate 

Tetrachloroethylene 

Cyclohexanone 

Chlorobenzene 

Ethylbenzene 

Toluene 

Trichloroethane,1,1,1-

Dichlorodifluoromethane 

Trichlorofluoromethane 

Dichlorobenzene, 1,2­

o-Xylene 

m-Xylene 

Xylenes (total) 


National Average X-Well 25 Ft X-Well NationalAverage X-Well 
and Liner 

CAS DWHQ DWHQ DWHQ DWHQ DWHQ DWHQ 
Adult Child Adult Child Adult Child 

110-86-1 4 7 27.5 48.125 0.76 1.33 
98'95-3 0.3 0.4 2.0625 2.75 0.057 0.076 
106-44-5 0.1 0.2 0.6875 1.375 0.019 0.038 
67-64-1 0.04 0.06 0.275 0.4125 0.0076 0.0114 
71-36-3 0.04 0.06 0.275 0.4125 0.0076 0.0114 
108-10-1 0.03 0.05 0.20625 0.34375 0.0057 0.0095 
60-29-7 0.01 0.02 0.06875 0.1375 0.0019 0.0038 
78-83-1 0.01 0.02 0.06875 0.1375 0.0019 0.0038 
108-39-4 0.01 0.02 0.06875 0.1375 0.0019 0.0038 
110-80-5 0.01 0.02 0.06875 0.1375 0.0019 0.0038 
67-56-1 0.009 0.01 0.061875 0.06875 0.00171 0.0019 
78-93-3 0.007 0.01 0.048125 0.06875 0.00133 0.0019. 
95-48-7 0.006 0.01 0.04125 0.06875 0.00114 0.0619 
75-15-0 0.004 0.007 0.0275 0.048125 0.00076 0.00133 
141-78-6 0.004 0.007 0.0275 0.048125 0.00076 0.001133 
127-18-4 0.001 0.002 0.006875 0.01375 0.00019 0.00038 
108-94-1 0.0009 0.002 0.006188 0.01375 0.000171 0.00038 
108-90-7 0.0007 0.001 0.004813 0.006875 0.000133 0.000~19 
100-41-4 0.0004 0.0006 0.00275 0.004125 0.000076 0.0001114 
108-88-3 0.0003 0.0005 0.002063 0.003438 0.000057 0.000095 
71-55-6 0.0001 0.0002 0.000688 0.001375 0.000019 0.000038 
75-71-8 0.0001 0.0002 0.000688 0.001375 0.000019 0.000008 
75-69-4 0.00005 0.00008 0.000344 0.00055 9.5E-06 1.52EIb5 
95-50-1 0.00004 0.00007 0.000275 0.000481 7.6E-06 1.33E')05 
95-47-6 0.00003 0.00004 0.000206 0.000275 5.7E-06 7.6E-P6 
108-38-3 0.00002 0.00004 0.000138 0.000275 3.8E-06 7.6E;p6 
1330-20-7 0.00001 0.00002 6.88E-05 0.000138 1.9E-06 3.8Ekl6 

Trichloro-1.2.2-trifluoroethane,1.12- 76-13-1 0.000001 0.000002 6.88E-06 1.38E-05 1.9E-07 3 8E%7 

t 

Table 6-14b. Drinking Water Ingestion Risk for 

Central Tendency Landfill Area (Small Quantity Generator-Lincoln) 


12hr 12hr 12hr 
Constituent CAS DW Risk DW Risk DW Risk DW Risk DW Risk DW Risk 

Adult Child Adult Child Adult Child 
Methylene chloride 75-09-2 1 OE-06 1.2E-06 6.9E-06 8.4E-06 1.9E-07 2.3E-07 
Benzene 71-43-2 8.7E-07 1.1E-06 6.OE-06 7.3E-06 1.7E-07 2.OE-07 
Trichloroethane, 1,1,2- 79-00-5 4.7E-07 5.8E-07 3.2E-06 4.OE-06 9.OE-08 1.1E-07 
Carbon tetrachloride 56-23-5 1.7E-07 2.1 E-07 1.2E-06 1.5E-06 3.3E-08 4.1E-08 
Trichloroethylene 79-01-6 1.8E-08 2.2E-08 1.3E-07 1.5E-07 3.5E-09 4.3E-09 
NittODrODane, 2- 79-46-9 NA NA NA NA NA NA 

NA = Not available. 
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Section 6.0 Risk Results 

Table 6-15a. Drinking Water Ingestion Hazard Quotient for 
Small Landfill Area (Large Quantity Generator-Houston) 

National Average X-Well 25 Ft X-Well National Average X-Well 
and Liner 

12hr 12hr 12hr 
Constituent CAS 	 DW HQ DWHQ DWHQ DWHQ DWHQ DW HQ 

Adult Child Adult Child Adult Child 
Pyridine 110-86-1 50 90 482 868 6 11 
Nitrobenzene 98-95-3 3 5 29 48 0.4 0.6 
Cresol, p- 106-44-5 2 3 19 29 0.24 0.36 
Butanol 71-36-3 0.5 0.8 5 a 0.06 0.10 
Acetone 67-64-1 0.4 0.7 4 7 0.05 0.08 
Methyl isobutyl ketone 108-10-1 0.3 0.6 3 6 0.04 0.07 
Ethyl ether 60-29-7 0.2 0.3 2 3 0.02 0.04 
Isobutyl alcohol 78-83-1 0.2 0.3 2 3 0.02 0.04 
Ethoxyethanol, 2- 110-80-5 0.2 0.3 2 3 0.02 0.04 
Methanol 67-56-1 0.1 0.2 1 2 0.01 0.02 
Cresol, rn- 108-39-4 0.1 0.2 1 2 0.01 0.02 
Methyl ethyl ketone 78-93-3 0.08 0.1 0.8 1.o 0.010 0.01 
Cresol, o- 95-48-7 0.08 0.1 0.8 1.o 0.010 0.01 
Carbon disulfide 75-15-0 0.05 0.08 0.5 0.8 0.006 0.010 
Ethyl acetate 141-78-6 0.05 0.08 0.5 0.8 0.006 0.010 
Cyclohexanone 108-94-1 0.01 0.02 0.1 0.2 0.001 0.002 
Tetrachloroethylene 127-18-4 0.01 0.02 0.1 0.2 0.001 0.002 
Chlorobenzene 108-90-7 0.009 0.02 0.1 0.2 0.001 0.002 
Ethylbenzene 100-41-4 0.004 0.007 0.04 0.07 0.0005 0.0008 
Toluene 108-88-3 0.003 0.006 0.03 0.06 0.0004 0.0007 
Dichlorodifluoromethane 75-71-8 0.002 0.003 0.02 0.03 0.0002 0.0004 
Trichloroethane, 1,l,l- 71-55-6 0.001 0.002 0.01 0.02 0.0001 0.0002 
Trichlorofluoromethane 75-69-4 0.0005 0.0009 0.005 0.009 0.00006 0.0001 
Dichlorobenzene, 1,2- 95-50-1 0.0005 0.0008 0.005 0.008 0.00006 0.000096 
o-Xylene 95-47-6 0.0003 0.0005 0.003 0.005 0.00004 0.00006 
rn-Xylene 108-38-3 0.0003 0.0005 0.003 0.005 0.000036 0.00006 
Xylenes (total) 1330-20-7 0.0001 0.0002 0.001 0.002 0.00001 0.00002 
Trichloro-1.2.2-trifluoroethane.
1.1.2- 76-13-1 0.00001 0.00002 0.0001 0.0002 0.000001 0.000002 

Table 6-15b. Drinking Water Ingestion Risk for 
Small Landfill Area (Large Quantity Generator-Houston) 

12hr 12hr 12hr 
Constituent CAS DW Risk DW Risk DW Risk DW Risk DW Risk DW Risk 

Adult Child a Adult Child Adult Child 
Methylene chloride 75-09-2 1.2E-05 1.5E-05 1.2E-04 1.4E-04 1.4E-06 1.8E-06 
Benzene 71-43-2 1.OE-05 1.3E-05 1.OE-04 1.2E-04 1.3E-06 1.5E-06 
Trichloroethane, 1,1,2- 79-00-5 5.7E-06 7.OE-06 5.5E-05 6.7E-05 6.9E-07 8.4E-07 
Carbon tetrachloride 56-23-5 2.1E-06 2.6E-06 2.OE-05 2.5E-05 2.5E-07 3.1E-07 
Trichloroethylene 
NitroproDane. 2-

79-01-6 
79-46-9 

2.2E-07 
NA 

2.7~-07 ~. IE-o~ 2.6~-06 2.7~-oa 3.3~-oa 
NA NA NA NA NA 

F 

NA = Not available. 

L 
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4j" Section 6.0 Risk Results 

Table 6-16a. Drinking Water Ingestion Hazard Quotient for 
Small Landfill Area (Large Quantity Generator-Lincoln) 

Pyridine 
1 
L Pyridine 

Nitrobenzene 
Cresol, p-
Butanol 
Acetone 

p, Methyl isobutyl ketone 
Isobutylalcohol 

I 

i, 	 Ethyl ether 
Ethoxyethanol, 2-
Ethoxyethanol,2- ** 

Methanol 
Methylethyl ketone 
Cresol, o-
Carbon disulfide 
Ethyl acetate 
Tetrachloroethylene 
Cyclohexanone 
Chlorobenzene 
Ethylbenzene 
Toluene 

National Average X-Well 25 Ft X-Well NationalAverage X-Well 
and Liner 

12hr 
CAS DWHQ DWHQ DWHQ DWHQ DWHQ DWHQ 

Adult Child Adult Child Adult Child 
Q110-86-1 L 3 19 29 0.4 0.6 

98-95-3 0.1 0.2 1 2 0.02 0.04 
106-44-5 0.06 0.1 0.6 1.o 0.01 0.02 
71-36-3 0.02 0.03 0.2. 0.3 0.004 0.006 
67-64-1 0.01 0.02 0.1 0.2 0.002 0.004 
108-10-1 0.01 0.02 0.1 0.2 0.002 0.004 
78-83-1 0.006 0.009 0.06 0.09 0.001 0.002 
60-29-7 0.005 0.009 0.05 0.09 0.001 0.002 
108-39-4 0.005 0.008 0.05 0.08 0.001 0.002 
110-80-5 0.005 0.009 0.05 0.09 0.001 0.002 
67-56-1 0.004 0.006 0.04 0.06 0.001 0.001 
78-93-3 0.003 0.005 0.03 0.05 0.0006 0.001 
95-48-7 0.003 0.004 0.03 0.04 0.0006 0.0008 
75-15-0 0.002 0.003 0.02 0.03 0.0004 0.0006 
141-78-6 0.002 0.003 0.02 0.03 0.0004 0.0006 
127-18-4 0.0005 0.0008 0.005 0.008 0.0001 0.0002 
108-94-1 0.0004 0:0006 0.004 0.006 0.0001 0.0001 
108-90-7 0.0003 0.0005 0.003 0.005 0.0001 0.0001 
100-41-4 0.0001 0.0002 0.001 0.002 0.00002 0.00004 
108-88-3 0.0001 0.0002 0.001 0.002 0.00002 0.00004 

Dichlorodifluoromethane 75-71-8 0.00005 0.00009 0.0005 0.0009 0.00001 0.00002 
Tqchloroethane,1,1,1- 71-55-6 0.00004 0.00007 0.0004 0.0007 0.00001 0.00001 
Trichlorofluorornethane 75-69-4 0.00002 0.00003 0.0002 ' 0.0003 0.000004 0.000006 
Dichlorobenzene, 1,2- 95-50-1 0.00002 0.00003 0.0002 0.0003 0.000004 0.000006 
o-Xylene 95-47-6 0.00001 0.00002 0.0001 0.0002 0.000002 0.000004 

108-38-3 0.000009 0.00002 0.0001 0.0002 0.000002 0.000004 
1330-20-7 0.000004 0.000007 0.00004 0.00007 0.0000008 0.000001 

T~chloio-l.2,2-trtfluoroethane,1,1,2- 76-13-1 0 0000004 0 0000007 0 000004 0 000007 0 00000008 0.0000001 

Table 6-16b. Drinking Water Ingestion Risk for 

Small Landfill Area (Large Quantity Generator-Lincoln) 


Pb ' 
Constituent 

Methylene chloride 
Benzene 
Trichloroethane, 1,1,2-
Carbon tetrachloride 
Nitropropane, 2-
Nitropropane.2- * 

NA = Not available. 

12hr 12hr 12hr 
CAS DW Risk DW Risk DW Risk DW R i s k  DW Risk DW Risk 

Adult Child Adult Child Adult Child 
75-09-2 4.1 E-07 5.OE-07 3.9E-06 4.8E-06 7.8E-08 9.5E-08 
71-43-2 3.5E-07 4.3E-07 3.4E-06 4.2E-06 6.7E-08 8.2E-08 
79-00-5 1.9E-07 2.3E-07 1.9E-06 2.3E-06 3.7E-08 4.5E-08 
56-23-5 7.1 E-08 8.7E-08 6.9E-07 8.4E-07 1.4E-08 1.7E-OS 
79-01-6 7.5E-09 9.1E-09 7.2E-08 8.8E-08 1.4E-09 1.7E-09 
79-46-9 NA NA NA NA NA NA 
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Table 6-17a. Drinking Water Ingestion Hazard Quotient for 
Small Landfill Area (Small Quantity Generator-Houston) 

Constituent 

Pyridine’* 
Nitrobenzene 
Cresol, p-
Acetone 
Butanol 
Methyl isobutyl ketone 
Ethyl ether 
Isobutyl alcohol 
Cresol, m-
Ethoxyethanol, 2- *’ 

Methanol 
Methyl ethyl ketone 
Cresol, o-
Carbon disulfide 
Ethyl acetate 
Tetrachloroethylene 
Cyclohexanone 
Chlorobenzene 
Ethylbenzene 
Toluene 
Dichlorodifluoromethane 
Trichloroethane, 1,1,1-
Trichlorofluoromethane 
Dichlorobenzene, 1,2­
o-Xylene 
m-Xylene 
Xylenes (total) 

National Average X-Well 25 Ft X-Well National Average X-Well 
and Liner 

12hr 
CAS DWHQ DWHQ DWHQ DWHQ DWHQ DWHQ 

Adult Child Adult Child Adult Child 

110-86-1 10 20 96 193 1 2 
98-95-3 0.8 1 8 10 0.1 0.1 
106-44-5 0.4 0.7 4 7 0.05 0.08 
67-64-1 0.1 0.2 1 2 0.01 0 02 
71-36-3 0.1 0.2 1 2 0.01 0 02 
108-10-1 0.08 0.1 0.8 1.o 0.01 0.01 
60-29-7 0.04 0.06 0.4 0.6 0.005 0.007 
78-83-1 0.04 0.07 0.4 0.7 0.005 0 008 
108-39-4 0.04 0.06 0.4 0.6 0.005 0 007 
110-80-5 0.04 0.06 0.4 0.6 0.005 0.007 
67-56-1 0.03 0.05 0.3 0.5 0.004 0 006 
78-93-3 0.02 0.03 0.2 0.3 0.002 0 004 
95-48-7 0.02 0.03 0.2 0.3 0.002 0 004 
75-15-0 0.01 0.02 0.1 0.2 0.001 0 002 
141-78-6 0.01 0.02 0.1 0.2 0.001 0 002 
127-18-4 0.004 0.006 0.04 0.06 0.0005 0 0007 
1OB-94-1 0.003 0.005 0.03 0.05 0.0004 0 0006 
108-90-7 0.002 0.004 0.02 0.04 0.0002 0 0005 
100-41-4 0.001 0.002 0.01 0.02 0.0001 0 0002 
108-88-3 0 0009 0.001 0.009 0.010 0.0001 0 OD01 
75171-8 0.0004 0.0006 0.004 0.006 0.00005 0 00D07 
71-55-6 0.0003 0.0005 0.003 0.005 0.00004 0 00006 
75-69-4 0.0001 0.0002 0.001 0.002 0.00001 0 OD002  
95-50-1 0.0001 o.obo2 0.001 0.002 0.00001 0 oooop 
95-47-6 0.00008 0.0001 0.001 0.001 0.00001 0 00001 
108-38-3 0.00007 0.0001 0.0007 0.0010 0.000008 0 000012 
1330-20-7 0.00003 O.OOD05 0.0003 0.0005 0.000004 0 000006 

Trichloro-l,2.2-trifluoroethane. 1.1.2- 76-13-1 0.000003 0.000005 0.00003 0.00005 0.0000004 0.0000006 

Table 6-17b. Drinking Water Ingestion Risk for 

Small Landfill Area (Small Quantity Generator-Houston) 


12hr 12hr 12hr 
Constituent CAS DW Risk  DW Risk DW Risk DW Risk  DW Risk  DW Risk 

Adult Child Adult Child Adult Child 
Methylene chloride 75-09-2 3.OE-06 3.7E-06 2.9E-05 3.6E-05 3.6E-07 4.4E-07 
Benzene 71-43-2 2.6E-06 3.2E-06 2.5E-05 3.1 E-05 3.2E-07 3.9E-07 
Trichloroethane, 1,1,2- 79-00-5 1.4E-06 1.8E-06 1.4E-05 1.7E-05 1.7E-07 2.1E-07 
Carbon tetrachloride 56-23-5 5.3E-07 6.5E-07 5.1E-06 6.3E-06 6.4E-08 7.8E-08 
Trichloroethylene 79-01-6 5.6E-08 6.8E-08 5.4E-07 6.6E-07 6.7E-09 8.2E-09 
Nitropropane. 2- * 79-46-9 NA NA NA NA NA NA 

NA = Not Available. 
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Table 6-18a. Drinking Water Ingestion Hazard Quotient for 
Small Landfill Area (Small Quantity Generator-Lincoln) 

Pyridine 

Pyridine** 
Nitrobenzene 
Cresol, p-
Butanol 
Acetone 
Methyl isobutyl ketone 
Isobutyl alcohol 
Ethoxyethanol,2-
Cresol, m-
Ethoxyethanol, 2- ** 
Methanol 
Methyl ethyl ketone 
Cresol, o-
Carbon disulfide 
Ethyl acetate 
Tetrachloroethylene 
Cyclohexanone 
Chlorobenzene 
Ethylbenzene 
Toluene 
Dichlorodifluoromethane 
Trichloroethane. 1,1,1-
Trichlorofluoromethane 
Dichlorobenzene, 1,2­
o-Xylene 
rn-Xylene 
Xylenes (total) 

National Average X-Well 25 Ft X-Well NationalAverage X-Well 
and Liner 

12hr 
CAS DWHQ DWHQ DWHQ DWHQ DWHQ DWHQ 

Adult Child Adult Child Adult Child 

110-86-1 2.0 3.0 19 29 0.4 0.6 
98-95-3 0.1 0.2 1 2 0.02 0.04 
106-44-5 0.1 0.1 1 1 0.01 0.02 
71-36-3 0.02 0.03 0.2 0.3 0.004 0.006 
67-64-1 0.01 0.02 0.1 0.2 0.002 0.004 
108-10-1 0.01 0.02 0.1 0.2 0.002 0.004 
78-83-1 0.01 0.01 0.1 0.1 0.001 0.002 
60-29-7 0.005 0.009 0.05 0.09 0.001 0.002 
108-39-4 0.005 0.008 0.05 0.08 0.001 0.002 
110-80-5 0.005 0.009 0.05 0.09 0.001 0.002 
67-56-1 , 0.004 0.006 0.04 0.06 0.0008 0.001 
78-93-3 0.003 0.005 0.03 0.05 0.0006 0.0010 
95-48-7 0.003 0.004 0.03 0.04 0.0006 0.0008 
75-15-0 0.002 0.003 0.02 0.03 0.0004 0.0006 
141-78-6 0.002 0.003 0.02 0.03 0.0004 0.0006 
127-18-4 0.001 0.001 0.005 0.008 0.0001 0.0002 
108-94-1 0.0004 0.0006 0.004 0.006 0.00008 0.0001 
108-90-7 0.0003 0.0005 0.003 0.005 0.00006 0.0001 
100-41-4 0.0001 0.0002 0.001 0.002 0.00002 0.00004 
108-88-3 0.0001 0.0002 0.001 0.002 0.00002 0.00004 
75-71-8 0.0001 0.0001 0.0005 0.0009 0.00001 0.00002 
71-55-6 0.00004 0.00007 0.0004 0.0007 0.000008 0.000013 
75-69-4 0.00002 0.00003 0.0002 0.0003 0.000004 0.000006 
95-50-1 0.00002 0.00003 0.0002 0.0003 0.000004 0.000006 
95-47-6 0.00001 0.00002 0.0001 0.0002 0.000002 0.000004 
108-38-3 0.00001 0.00002 0.0001 0.0002 0.000002 0.000004 
1330-20-7 0.000004 0.000007 0.00004 0.00007 0.0000008 0.000001 

Trichloro-l.2,2-trifluoroethane. 1,l.Z- 76-13-1 0.0000004 0.0000007 0.000004 0.000007 0.00000008 0.0000001 

Table 6-18b. Drinking Water Ingestion Risk for 

Small Landfill Area (Small Quantity Generator-Lincoln) 


12hr 12hr 12hr 
Constituent CAS DW Risk DW Risk DW Risk DW Risk DW Risk DW Risk 

Adult Child Adult Child Adult Child 
Methylenechloride 75-09-2 4.1 E-07 5.OE-07 3.9E-06 4.8E-06 7.8E-08 9.5E-08 
Benzene 71-43-2 3.5E-07 4.3E-07 3.4E-06 4.2E-06 6.7E-08 8.2E-08 
Trichloroethane, 1,I,2- 79-00-5 1.9E-07 2.3E-07 1.9E-06 2.3E-06 3.7E-08 4.5E-08 
Carbontetrachloride 56-23-5 7.1 E-08 8.7E-08 6 9E-07 8.4E-07 1.4E-08 1.7E-08 
Trichloroethylene 79-01-6 7.5E-09 9.1E-09 7.2E-08 8.8E-08 1.4E-09 1.7E-09 
Nitropropane,2- 79-46-9 NA NA NA NA NA NA 

NA = Not available. 
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6.3 PostmodelingRisk Result Estimates 

The risk results in this report represent a single facility which disposes a fixed number of 
wipes each day contaminated with a single solvent. This is not the way things are in the reality. 
Several facilities may dispose of various numbers of wipes contaminated with the same or 
different solvents in a single landfill. In order to estimate the risks from these more realistic 
scenarios the following method may be used. The risk estimations at a particular meteorologic 
location, landfill surface area, and fixed distance from the source are linear with respect to 
concentration in the landfill. For example, if the quantity of solvent on an individual wiper is 
assumed to be halved, the risk results are assumed to be halved as well, all other factors 
remaining constant. In order to adjust risk-based changes in some assumptions, these parameters 
must be assumed to be fixed in the risk adjustment calculation: 

Geographic location (Houston or Lincoln) 

Area of landfill (8,090 m2or 60,700 m2) 

Distance to receptor (75 m-air pathway, nationwide distribution to well 

(102m)-groundwater pathway). 


If the previous assumptions are fixed, the following assumptions are linear factors and 
may be varied either singly or in groups. The factors that are linear in the air and groundwater 
pathway include: 

Weight of wipers (10.48 g each) 

Number of wipers per facility (30/SQG or 120LQG) 

Number of facilities disposing in a single landfill (1 facility) 

Quantity of solvent assumed on each wipe (10.48 g = weight of wiper) 

Exposure duration for carcinogenic risks (does not apply to hazard quotient) (farmer 
10 yr, child 7.3 yr) 

Any of the factors enumerated above may be varied individually or together to reflect waste 
minimization efforts, multiple3facilities disposing of wastes in a single landfill, and/or variable 
exposure durations for receptors. 

6.3.1 Air Pathway Risks 

Air pathway risks may be assumed to be linear and, as long as the maximum air concen­
tration of vapors 75 m from a small or central tendency size landfill in Houston or Lincoln is 
considered to be the receptor, the linear parameters may be varied to produce a revised risk 
estimate. 
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6.3.2 Groundwater Pathway Risks 

Groundwater risks have been estimated for both the ingestion and noningestion pathways. 
Any adjustment to the risk estimates must be performed for each pathway independently and the 
total risk summed at the completion of the estimation. Each pathway is addressed in the 
following sections. 

6.3.2.1 Ingestion of Drinking Water Pathway 

The risk associated with the ingestion of contaminated drinking water is very similar to 
the inhalation risk estimations. The groundwater ingestion risk estimations at a particular 
meteorologic location, landfill surface area, and fixed distance from the source are linear with 
respect to concentration in the landfill. The ingestion of groundwater pathway risks may be 
assumed to be linear and, as long as the receptor well is located at the same distance from a small 
or central tendency size landfill in Houston or Lincoln, the linear parameters may be varied to 
produce a revised risk estimate. 

6.3.2.2 Noningestion Exposure to Contaminated Tap Water 

The same parameters listed in the previous sections are assumed fixed and linear in these 
risk adjustment calculations also. The difference in the risk adjustment for these pathways is that 
each exposure must be adjusted independently and the risks summed after the adjustment. The 
adjustment to the risk may not be made to the total risk for the noningestion pathways. This 
means the inhalation risk must be adjusted individually for exposures in the following: 

Shower 

Bathroom 

Rest of the house. 


Dermal exposures during bathing or showering must be adjusted independently as well. 

The risk from each exposure pathway is assumed linear in the same way as the 
groundwater ingestion pathway and each pathway may be adjusted. The groundwater 
noningestion risk estimations at a particular meteorologic location, landfill surfacearea, and 
fixed distance from the source are linear with respect to concentration in the landfill. The risks 
may be assumed to be linear and, as long as the receptor well is located at the same distance from 
a small or central tendency size landfill in Houston or Lincoln, the linear parameters may be 
varied to produce a revised risk-estimate (see Table 6-19). 

6.4 Conclusions 

The methodology presented in this section allows for the estimation of risk for a variety 
of waste disposal scenarios. Using the data generated for this risk assessment, one may address 
multiple management options for numerous types of wipers and shop towels. The use of different 
types of wipers can be reflected by adjusting the weight of the wiper and the quantity of solvent 
associated with that wiper. The number of wipers managed by a single facility may also be 
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adjusted either independently or together with the type of wiper. For example, a facility may 
generate fewer but heavier contaminated wipers that may contain an equal quantity of solvent. 
One may consider a scenario that reduces the quantity of solvent on each wiper by half or more 
through waste minimization efforts (e.g., centrifugation). In addition, one of the most likely 
scenarios is the disposal of wipers containing the same solvent by more than one facility in the 
same landfill. This may be readily addressed by this methodology. 

6.5 Remaining Issues and Uncertainties 

The remaining issues and uncertainties in this risk analysis include the simplifying 
assumptions used in this analysis. In performing this deterministic analysis, geographic locations 
were restricted to two sites that were thought to be high end and central tendency based on 
combined air and groundwater risk. However, previous risk assessment experience has shown 
that geographic location is not an especially sensitive parameter. A location that is extremely 
high for air emissions and dispersion (Phoenix) has no potential for leaching. Landfill sizes are 
confined to 10th and 50th percentile areas, which may or may not be appropriate for a high end 
for the groundwater pathway. For the groundwater pathway, the 'larger landfills frequently are 
high end because of lower estimated DAFs. One way to determine the appropriate high-end risks 
that considers all parameters is to perform a quantitative uncertainty analysis using a Monte 
Carlo approach. For the groindwater risk this could include a Monte Carlo analysis using the 
EPACMTP model. These procedures would be useful to quantify the uncertainty in the analysis; 
however, the estimates in this document are not outside the distribution of risks expected from a 
Monte Carlo analysis of these scenarios. 
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L . ~  , 

Landfill Partitioning Model 

A simple spreadsheet calculation model was used to determine the contaminant loss from 
a landfill due to degradation, volatilization, and leaching (run-off losses were assumed to be

I"-

zero). The model assumes linear partitioning, first order rate losses, and uses a finite difference 
(numerical) integration approach to solve the mass balance equations. The model evaluates 
contaminant losses over three separate conditions. The first condition is the daily waste addition 
in which the waste is in direct contact with the atmosphere. The second condition is the active 
landfill cell in which the waste is covered by a thin "daily" cover. The third condition is the 
closed landfill cell in which the waste is covered by a thick landfill cap. The model tracks the 
average annual'soil concentration and sums and tracks both the annudl emissions and leaching 
rates for the user specified active life of the landfill (annual waste application) followed by 40 

. years of inactive use (i.e., closed landfill). 

The model is limited in that it does not consider concentration profiles within the landfill 
and it does not allow for differences in the permeability (density, void fraction, and organic 
content) within or between the waste layer, the daily cover, and the landfill cap (i.e.3the waste 
and waste covers are assumed to have the same transport properties by the model).

i. 

Model Theorv 

Equilibrium Partitioning 

The total concentration of Contaminant in the soil can be expressed as the sum of the 
masses of contaminant adsorbed on the soil or waste particles, dissolved in the liquid, and in the 
air spaces divided by the total mass of contaminated soil as follows: 

{L 
E 

P where 
c, = c,+ cdpb  + e, c$Pb (1) 

I,>" C ,  = total contaminant concentration in landfill (mg/kg = g/Mg) 
C ,  = concentration of contaminant adsorbed on soil (mg/kg = g/Mg)8, = water-filled soil porosity (m3wate./m3s0il) 

C ,  = concentration of contaminant in liquid (pg/cm3 = g/m3) 
pb = soil dry bulk density (g/cm3 = Mg/m3) 
8, = air-filled soil porosity (m3,iljm3s0i,) 
C ,  = concentration of contaminant in air (pg/cm3= g/m3>. 

The adsorbed contaminant concentration is assumed to be linearly related to the liquid
L" 

phase concentration as follows: 

t 
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where 
K d  = soil-water partition coefficient (cm3/g= m3mg) = K,, fo, for organic compounds 

KO,= soil organic carbon partition coefficient (cm3/g) 
foc = organic carbon content of soil (g/g). 

The contaminant concentration in the vapor phase is assumed to be linearly related to the 
liquid phase concentration as follows: 

C,= H'C, (3)
where 

H' = dimensionless Henry's Law constant = 41 x H 
H = Henry's Law constant at 25 "C (atm-m3/mol). 

Equations 2 and 3 assume linear equilibrium partitioning betweenithe adsorbed 
contaminant, the dissolved contaminant and the volatilized contaminant. Combining Equations 1, 
2, and 3 yields: 

= c, + ew/(K&b) + e, H'/(&&)l- (4) 

The total contaminant concentration, ,, represents the measured soil concentration. 
However, it is the adsorbed soil concentration that is needed to calculate the equilibrium liquid 
and air contaminant concentr;ations(Equations 2 and 3). Equation 4 can be rearranged to 
calculate the adsorbed soil contaminant concentration given the total contaminant concentration 
as follows: 

Overall Mass Balance and Contaminant Half-life 

For a constant volume system assuming first-order rate loss mechanisms, the mass 
balance can be expressed as: 

(8cT *t) = - (kapp,air + app,le;?ch kapp,runoff + kapp,bio i-kapp,hyd) 'T (6) 

where 
kapp,lur= the apparent first order rate constant for volatilization, l/sec 

kapp,teach the apparent first order rate constant for leaching, Usec= 
kapp,runoff the apparent first order rate constant for rain run-off, l/sec= 

kappto = the apparent first order rate constant for biodegradation, l/sec 
kapp,hyd = the apparent first order rate constant for hydrolysis, l/SeC 

t = time, sec. 
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For small enough time steps (time steps in which C ,  changes only a few percent), Equation 6 can 
be approximated as follows: 

or 

where 
Ms,t+at = mass of contaminant in soil at time t+at, g 

M,,t = mass of contaminant in soil at time t, g 
At = time step of calculation, sec 

A M t o t =  total mass of contaminant removed from soil over time step, g = Ms,t- Ms,t+at 
AM^^ = mass of contaminant lost over time step due to volatilization, g 

AMleach = mass of contaminant lost over time step due to leaching, g 
AMrunoff = mass of contaminant lost over time step due to run-off, g 

AMbjo = m a s  of contaminant lost over time step due to biodegradation, g 
AMhyd= mass of contaminant lost over time step due to hydrolysis, g. 

Due to the simplified nature of the numerical integration used, any number of competing loss 
mechanisms can be included in the model as each of the loss mechanisms can be evaluated 
separately and then summed together. The overall apparent first order disappearance rate is 
simply the sum of all of the individual first order rate constants. 

kapp,overall = kapp,air + app,leach + kapp,runoff + kapp,bio + kapp,hyd (9) 

Unfortunately, there are few controlled biodegradation rate studies that actually measure 
biodegradation rates while accounting for competing removal mechanisms. What is typically 
reported in the literature is a contaminant disappearance rate (or half-life) in soil, which includes 
losses via volatilization, leaching and hydrolysis as well as biodegradation. That is, data for 
kapp,overall are generally more prevalent than data specifically for kapp,bio.As a result, the model 
first calculates kapp,overallfrom the soil half life and then integrates Equation 6 to calculate the 
total mass lost from the system as follows: 

The mass lost by each loss mechanism is then calculated, and AM^,^ + AMhydis calculated by 
difference. If AM,,^ as calculated by Equation 10 is less than AM^^^ + AMleach+ AMntnoff, then 
Equation 8 is used to calculate AMbio + AMhyd by difference. 

Mass Lost Via Volatilization 

The primary mechanism of contaminant loss to the atmosphere is the diffusion of 
volatilized contaminant to the soil surface. During periods of evaporation, the flux of water vapor 
enhances contaminant transport to the soil surface. Consequently, the total contaminant flux to 
the atmosphere is: 



e 

where 
Jvo,,t= contaminant flux to the atmosphere due to diffusion, g/m2-s 

Jevaptr,t contaminant flux to the atmosphere due to evaporative transport, g/m2-s.= 

As both leaching and enhanced volatilization due to evaporation losses were being 
modeled, the Jury model (Jury et al., 1983) was not used directly, as this solution, to be 
consistent with the model derivation, should calculate V, based on the overall water flux, which 
would be a VEterm based on the infiltration rate. Instead, the losses were segregated, diffusional 
volatile losses were estimated for VE = 0, leaching losses estimated assuming equilibrium 
concentration in the infiltrate, and the increased volatilization losses due to periods of 
evaporation were estimated using a the terms from the Jury model solution that were primarily 
attributable to convective contaminant flux. This solution is anleestirnation methodology, but for 
small time steps, the solution is accurate ascompared to the more complete set of Jury model 
equations. 

Emissions With No Soil Cover ‘ 

Assuming that there is no soil cover and no stagnant boundary air layer at the ground 
surface, and no net water flux (VE= 0) ,the Jury et al. (1990) simplified finite source model for 
diffusional volatilization can be written as: 

where 
D, = apparent diffusivity (cm2/sec) 
n =  3.14 
t = time (sec) 

d, = depth of uniform soil ’contamination at t=O, i.e., depth of daily addition (m); 

and 

where 
n = total soil porosity (Lpore/L30i,)= 1 - (pdp,) 

p, = soil particle density (g/cm ) ’ Di = diffusivity in air (cm2/sec) 
D, = diffusivity in water (cm2/sec). ’ 
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As discussed in Jury et al. (1984), volatilization with evaporation is a complex problem, but 
evaporation always increased the overall volatilization rate. Jury et al. (1984) presents an equation 
for the convection of contaminants caused by the flux of water in the soil. The convective 
volatilization flux caused by evaporation is then calculated by isolating the first half of the overall 
volatilization flux equation (Jury et al., 1983), which is the primary term for convective transport. 
The other terms are nearly identical to Equation 12, and approach Equation 12 in the limits of small 
time or small convective velocity. The evaporative flux was therefore estimated as follows: 

(100 ds + VE t)) ]  (14)= 95 C,  p, (0.01 VE) 
(4 D,  

' 
t)" 

] --e${ 
(4D, t)"Jevapt,t 

where 
V, = evaporative convective velocity (cdsec) 

erfc(x) = complementary error function; 

and 

x (p,= [ (365~24~3600) 
-E 

Kd + 8, + ea H )  

where 
E = average annual evaporation rate (cdyr). 

[Note: the minus sign is introduced because upward movement is in the negative direction.] 

The total mass loss to the air can be calculated as follows: 

where 
A = area of contaminant source, m2. 

Emissions With Soil Cover 

Jury et al. (1990) also provided simplified equations for the volatilization flux for a 
contaminated soil (waste) layer buried below a clean layer of soil. This method basically is to 
evaluate the contaminant flux for the depth of the system (contaminated layer + cover), then 
subtract out the flux attributable to the top layer (i.e., the flux assuming contaminant is present 
only in the cap). The volatilization contaminant flux for buried waste is then: 

2 
= cT( 0'0::] 4i [ [ -dcover ] - ex.( +cover + 4)') ]  

(17)
JYOU 0.04 D, t 0.04 DA t 
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where 
dcOve,= depth of daily soil cover or landfill cap, m. 

Using the same rationale, the evaporative contaminant flux is equal to the contaminant 
flux assuming the entire system contains contaminant and subtracting out the emissions 
attributable to the top soil layer. The evaporative contaminant flux is then: 

Mass Lost Via Leaching 

The mass flux loss of a Contaminant due to leaching is estimated by assuming the leachate 
is in equilibrium with the soil (ie., Equation 2 applies). 

where 
Jleach,*= contaminant flux in leachate at time t, g/m2-s 

V, = (P + I - R - E)/(365 x 24x 36001= leachate rate (cdsec)
P = annual average precipitation rate (cdyr)  
I = annual average irrigation rate (cdyr)  

R = annual average runoff rate (cdyr).  

In the same fashion that the air fluxes were converted a mass loss, the leaching flux rate 
can be converted to a mass loss as follows: 

F1 
Model Auulication for Landfill hw 

mm 

The waste added to the landfill is assumed to be homogeneous and temporally consistent. k 
One landfill cell is assumed to be filled per year. The user inputs the annual waste quantity and 
the contaminant concentration of the waste of interest, the waste density, the dimensions of the 
entire landfill, and the life expectancy of (i.e., number of cells in) the landfill. From this 
information, the dilution effect of the waste added to the landfill can be calculated. For example, 
the average contaminant concentration of a daily waste addition is calculated as follows: 
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where 
C,,,,, = concentration of contaminant in waste (mgkg = g/Mg) 
Qwaste = annual waste disposal rate (Mg/yr)
N,,,, = number of daily additions per year 
A,,,, = area of a daily waste addition, m2 
ddaily= depth of a daily waste addition, m. 

The landfill partitioning model equations are applied in three distinct compartments or 
time periods. These are: the daily waste addition in which the waste is in direct contact with the 
atmosphere; the active landfill cell in which the waste is covered by a thin "daily" cover; and the 
closed landfill cell in which the waste is covered by a thick landfill cap. 

Losses from the uncovered daily waste addition are calculated for a user specified time 
(model runs were made using an uncovered duration of 12 hours). The dimensions of the daily 
waste addition is specified by the number of operating days and the number of "layers" used to 
fill the landfill cell. It was assumed that a daily waste addition was 2.5 feet deep and that there 
were 350 operating days per year. The amount of contaminant lost during the uncovered duration 
is calculated and the total contaminant concentration remaining in the waste is calculated as the 
starting concentration for the covered daily waste addition. 

Losses from the covered daily addition are calculated over the time period when the waste 
is first covered until another daily addition is added on top of the waste. It is assumed that the 
entire first layer of the landfill cell is filled with sequential daily additions, then the second layer 
is filled in the same order as the first layer, and so on. Once waste is added on top of a daily 
addition "daily cell", it is assumed that the losses from that "daily cell" are minimal. Assuming 
that there are six waste layers, the time of exposure @e., time before more waste is added on top 
of the waste) for a given daily cell is, on average, 365/6 or 61 days. The total amount of 
contaminant emitted and leached over the 61 days is estimated by the model for a given daily 
quantity by adding losses from 12 hours of uncovered waste to the losses calculated for the 
covered daily cell. It is assumed that all daily waste additions have the same contaminant losses, 
so that the emissions and leaching estimates from one daily cell can be multiplied by the number 
of daily additions (350 operating days) to yield annual amounts of contaminant emitted and 
leached from the active landfill cell. The total amount of contaminant remaining in the landfill is 
also calculated to estimate the average starting contaminant concentration for the closed (capped) 
landfill cell. 

The annual losses from a single capped landfill cell (closed landfill) are estimated over a 
100year period and then used to project the annual losses for the entire landfill. During the active 
life of the landfill, there is always one active landfill cell. However, the number of closed landfill 
cells increases sequentially until the entire landfill is filled. For example, in Year 1, there are 
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losses from an active landfill cell only (estimated from the daily waste additions). In Year 2, 
there are losses from an active landfill cell plus losses from the first year of the closed landfill 
cell simulation. In Year 3, there are losses from an active landfill cell plus both the first year 
losses of a closed landfill cell (the cell capped at end of Year 2) and the second year losses from a 
closed landfill cell (the cell capped at end of Year l), and so on. In this manner, the annual losses 
from the entire landfill can be simulated from the annual losses of an active cell and a single 
capped cell. At the end of the active life of the landfill, emissions are projected from only the 
closed landfill simulation. That is, for a landfill with a 20-year life (20 cells), the losses projected 
for Year 21 are the sum of the annual losses for the closed landfill cell for Years 1 through Year 
20, inclusive. The losses projected for Year 22 are the sum of the annual losses for the closed 
landfill cell for Years 2 through Year 21, and so on. 
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Appendix B 
Dispersion Modeling 

Dispersion describes the transport of chemical emissions through the air to a receptor. In 
this risk analysis, dispersion modeling was used to estimate air concentrations associated with a 
unit emission (1 vg/m2-s)(unitized air concentrations, or UACs) at a variety of potential receptor 
locations. The following sections discuss model selection, the critical parameters of the model, 
and the model results or UACs. 

B.l Model Selection 

A number of dispersion models are available on the EPA Support Center for Regulatory 
Air Models (SCRAM) Bulletin Board (http://www.epa.gov/scramOOl/). These dispersion 
models were developed for a variety of applications and each has its own strengths and 
weaknesses. This analysis required a model with the capability to model dispersion of vapors 
and particulates from landfills, land application units, wastepiles, and tanks to receptors both on-
and offsite for chronic, subchronic, and acute averaging times. Therefore, a dispersion model 
was needed that could model (1) area sources; (2) ground-level and elevated sources; (3) onsite 
and offsite impacts; (4) vapors and particulates; and (5 )  annual, monthly, and daily averaging 

'times. 

Five models were considered for this analysis: 


e Industrial Source Complex - Short Term v.3 (ISCST3) - U.S. EPA, 1995 I 


e Industrial Source Complex - Long Term v.3 (ISCLT3) - U.S. EPA, 1995 

e Toxic Modeling System - Short Term (TOXST) - U.S. EPA, 1994c 

e Fugitive Dust Model (FDM) - U.S. EPA, 1992 

e COMPDEP - U.S. EPA, 1990. 


Table B-1 summarizes the capabilities of these commonly used air dispersion models . 
with respect to the requirements of this analysis. The ISCST3 (U.S.EPA, 1995) was selected for 
all aspects of this analysis because it met all the criteria. This model, however, has considerable 
run times, which limited the number of meteorological stations included in this analysis. 

B.2 Critical Parameters 

This section discusses the critical parameters of the selected model, ISCST3, and the 
results of sensitivity analyses performed to investigate several of the model parameters. Results 
of the sensitivity analyses are presented in Appendix F of Air Characteristic Study, Volume 11, 
Technical Background Document (U.S. EPA, 1998). 
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Table B-1. Air Dispersion Model Capabilities 

ISCST3 J J J J J J J J J J 

ISCLT3 J J J J J J J J 

TOXST J J J J \  J J J J J 
a 

FDM J J J J J J J 

COMPDEP J J J J J J 
aMinimumheight of source for modeling is 0.5 meters. 

B.2.1 General Assumptions 

This section discusses depletion, 
rural vs. urban, and terrain assumptions. -

B.2.1.1 Dedetion. Air 
concentrations can be calculated in ISCST3 
with or without wet and dry depletion. 
Modeled concentrations without depletions 
are higher than those with depletions. A 
sensitivity analysis was conducted that 
showed that the differences in the 
maximum concentrations with depletion 
and without depletion are small at close-to­
source receptors, increasing only slightly as 
the distance from the source increases. The 
sensitivity analysis also shows that the run 
time for calculating concentrations using 
the ISCST3 model with depletion options 
is 15 to 30 times longer than the run time 
without depletions for the 5th and 95th 
percentile of the sizes of land application-
units. (The difference is greater for larger 

Assumptions Made for Dispersion Modeling 

Dry and wet depletion options were not activated in 
the dispersion modeling. 

The rural option was used in the dispersion modeling 
since the types of M U Sbeing assessed are 
typically in nonurban areas. 

Flat terrain was assumed. 
, 

An area source was modeled for all WMUs. 

To minimize error due to site orientation, a square 
area source with sides parallel to X-and Y-akes was 
modeled. 

Receptor points were placed on 0,25,50,75, 150, 
v 	 500, and 1,OOO m receptor squares starting from the 

edge of the source with 16 receptor points on each 
square. 

Modeling was conducted using a unit emission rate 
of 1pg/s-m*. 

sources; see sensitivity analysis in Appendix of U.S. EPA, 1998.) Therefore, concentrations 
were calculated without depletions in this analysis so that a greater number of meteorological 
locations could be modeled in the time available. 

B.2.1.2 Rural vs. Urban. ISCST3 may be run in rural or urban mode, depending on 
land use within a 3-km radius from the source. These modes differ with respect to wind profile 
exponent and potential temperature gradients. Unless the site is located in a heavily metropolitan 
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area, the rural option is generally more appropriate. Because the types of WMUs being assessed 
are typically in nonurban areas, the rural option was used in this analysis. 

B.2.1.3 Terrain. Flat terrain for both the source and the surrounding area was assumed 
in the modeling analysis for two reasons: (1) ISCST3 models all area sources as flat, and (2) 
complex terrain simulations in the surrounding area result in air concentrations that are highly 
dependent upon site-specific topography. A specific WMU’s location in relation to a hill or 
valley produces results that would not be applicable to other locations. Complex terrain 
applications are extremely site-specific; therefore, model calculations from one particular 
complex terrain location cannot be applied to another. Conversely, simulations from flat terrain 
produce values that are more universally applicable. 

B.2.2 Meteorological Stations and Data 

Meteorological data at over 200 meteorological stations in the United States are available 
on the SCRAM Bulletin Board (http://www.epa.gov/scrarnOOl) and from a number of other ~ 

sources. A set of 29 meteorological stations selected in an assessment for EPA’s Superfund 
program Soil Screening Levels (SSLs) (EQM, 1993) as being representative of the nine general 
climate regions of the continental United States was used in this analysis. 

In EPA’s SSL study, it was determined that 29 meteorological stations would be a 
sufficient sample to represent the population of 200 meteorological stations and predict mean 
dispersion values with a high (95 percent) degree of confidence. The 29 meteorological stations 
were distributed among nine climate regions based on meteorological representativeness and 
variability across each region. 

These climate regions were: 

North Pacific Coastal Northwest Mountains Midwest 
South Pacific Coastal Central Plains Northern Atlantic 
Southwest Southeast South Florida. 

Large-scale regional average conditions were used to select the actual stations (EQM, 1993). 

?r;e 29 meteorological stations are listed in Table B-2. To assign each Industrial D 
facility to a meteorological station, EPA used a Geographic Information System (GIs) to 
construct Thiessen polygons around each station that enclose the areas closest to each station. 
The boundaries of these areas were then adjusted to ensure that each boundary encloses an area 
that is most similar in meteorological conditions to those measured at the meteorological station. 
To assist in this process, a GIS coverage of Bailey’s ecoregion divisions and provinces (Bailey et 
al., 1994) was used to conflate the boundaries to correspond to physiographic features likely to 
influence climate or boundaries corresponding to changes in temperature or precipitation.. 
General wind regimes were also considered in the conflation process. 

Key factors considered in the conflation process include: defining coastal regimes as 
narrow polygons, which generally stretched about 25 to 50 miles inland, to capture regions 
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Table B-2.Meteorological Stations Used in the Air Characteristic Study rw* 

Source; 

Albuquerque NM 23050 I 35 3 106 37 
Atlanta GA 13874 + 33 39 84 25 
Bismarck ND 2401S 46 46 100 45 
Boise ID 24131 43 34 116 13 
Casper WY 24089 42 55 106 28 
Charleston sc 13880 32 I 54 80 2 
Chicago IL 94846 41 59 87 54 
Cleveland OH 14820 41 25 81 52 
Denver co 23062 39 46 + 104 52 
Fresno CA 93193 36 46 119 43 
Harrisburg PA 14751 40 13 76 51 
Hartford CT 14740 41 56 72 41 
Houston 'Ix 1296d 29 58 95 21 
Huntington wv 03860 38 22 82 33 
Las Vegas Nv 23169 36 5 115 10 
Lincoln NE 14939 40 51 96 45 
Little Rock AR 13963 34 44 92 14 
Los Angeles CA 23174 33 56 118 24 
Miami FL 12839 25 49 80 17 
Minneapolis h4.N 14922 44 53 L 93 13 
Philadelphia PA 13739 39 53 75 15 
Phoenix Az 23183 33 26 112 1 
Portland ME 14764 43 39 70 19 
Raleigh-Durham NC 13722 35 52 78 47 
Salem OR 24232 44 55 123 0 
Salt Lake City UT 24127 40 47 111 57 
San Francisco CA 23234 37 37 122 23 
Seattle WA 24233 47 27 122 18 
Winnemucca Nv 24128 40 54 117 48 PEQM (1993). h, 
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dominated by coastal climate effects; maintaining tropicalhbtropical and aridsemiarid divisions 
Yin the southwestern United States; and using the ecoregion boundaries in Washington, Oregon, 


and California to separate the more humid marine/redwood or Mediterranean mountain regimes r
from the deserts to the east. In general, Thiessen polygons were used to define'the L
meteorological station areas for the remainder of the country. 


Based on facility locations derived from Industrial D survey data, the Industrial D sites 
were then overlaid on the GIS coverage of the conflated meteorological boundaries and 
meteorological station assignments were then exported for use in the modeling exercise. Four p" 
sites in Alaska and four in Hawaii were deleted from the analysis at this point because the 29 
meteorological stations are limited to th ontinental United States. Figure B-1 shows the final 
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meteorological station boundaries used for the study along with the locations of the Industrial D 
facility sites. 

The modeling analysis was conducted 
Shape of Wind Rose forusing 5 years of representative meteorological 29 Meteorological Stations 

data from each of the 29 meteorological 
stations. Five-year wind roses representing the Shape of Wind Rose No. of Stations 
frequency of wind directions and windspeeds Narrowly distributed 10 
for the 29 meteorological stations were Moderately distributed 4 
analyzed. These show that the 29 Evenly distributed 6 
meteorological stations represent a variety of Bimodally distributed 9 
wind patterns and are presented in Appendix F 
of U.S. EPA, 1998. 2 

d direction and windspeed are typically the 
Meteorological Data for ortant meteorological inputs for dispersion

the ISCST3 Model modeling analysis. Wind direction determines the
without Depletion direction of the greatest impacts. Windspeed is 

Wind Direction (or Flow Vector) 

Windspeed 

Ambient Temperature 

Stability Class ,jl 


Mixing Height 


lutants can be diffused vertically. Stability class is 
important factor in determining the rate of lateral 

and vertical diffusion. The more uns r, the greater the diffusion. This inc 
lower centerline concentration. 

B.2.3 Source Release Parameters I 

k 

This section describes the source parameters 
,including source type and elevation, sou 

B.2.3.1 Source TvDe and Elevation. All WM es modeled in t 
modeled as area sources. Landfills and land application units were modele 

Isources,dand wastepiles and tanks were modeled as elevated sources. 

B.2.3.2 Source ShaDe and Orientation. The ISCST3 models an area sourc 
rectangle or combination of rectangles. The user may also specify an angle of rotat 
a north-south orientation. A sensitivity analysis was conducted to compare the air 
from a square area source, a rectangular area source oriented east to west, and 
source oriented north to south to determine what role source shape and orientat 
determining dispersion coefficients of air pollutants. The results show that the b­

unitized'air concentration between the square area source and the two rectangular area sources k 
are less than the differences between the two rectangular sources. In addition, a square area 
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source has ,theleast amount of impact on orientation. Because information on source shapes or 
orientations is not available, a square source was chosen to minimize the errors caused by source 
shapes and orientations. (See sensitivity analysis in Appendix F of U.S. EPA, 1998, for details.) 

B.2.3.3 Source Areas Modeled. In the modeling analysis, five types of WMUs were 
considered (i.e., landfill, land application unit, wastepile, aerated tank, and storage tank). 
Because the ISCST3 model is sensitive to the size of the area source, the relationship between air 
concentrations and size of the area source was analyzed. As illustrated in Figure B-2, the results 
show that, for relatively small area sources, air concentrations increase significantly as the size of 
the area source increases. For large area sources, this increase in air concentrations is not as 
significant. 

In order to address this model sensitivity, yet avoid modeling approximately 2,000 
separate WMUs, EPA developed area strata that represented the distribution of the surface area 
for each of the WMU types. ,Landfills and land application units were modeled as ground-level 
area sources, while wastepiles and tanks were treated as elevated area sources. Separate area 
strata were developed for ground-level and elevated sources. In addition, separate areas were 
modeled for tanks, because these were based on model units, rather than the Industrial D Survey 
database. Fourteen area strata were selected for landfills and land application units, seven for 
wastepiles, and two for tanks. The median area size for each stratum was used in the dispersion 
modeling analysis. Tables �3-3, B-4, and B-5 present the source areas and heights used in the 
modeling analysis. 

This provided a set of UACs for use in the analysis. For any specific WMU, a UAC was 
then estimated using an interpolation routine that used the UACs associated with modeled areas 
immediately above and below the actual area of the unit. The interpolation routine provides a 
technique for minimizing the number of ISCST3 runs required for a WMU while also 
minimizing the error associated with the difference between the UACs for preselected areas and 
the UAC for the actual area of the WMU. The interpolation is described in more detail in U.S. 
EPA (1998). 

B.2.4 Receptors 

The ISCST3 model allows the user to specify receptors with Cartesian receptor grid 
andor polar receptor grid. In general, Cartesian receptors are used for near-source receptors and 
polar grid receptors for more distant receptors. The number of receptors modeled greatly impacts 
run time. However, if too few receptors are modeled, the location of peak concentration may be 
missed. A sensitivity analysis was conducted to determine receptor locations and spacings that 
would provide adequate resolution without modeling an excessive number of receptors. (See 
Appendix F of U.S. EPA, 1998, for details.) The results of the sensitivity analysis show that the 
maximum concentrations are generally higher for a dense receptor grid (Le., 64or 32 receptors 
on each square) than for a scattered receptor grid (i.e., 16 receptors on each square). However, 
the differences of the maximum receptor concentrations are not significant between a dense and a 
scattered receptor grid. Therefore, 16 evenly spaced receptor points on each square were used in 
the modeling. The sensitivity analysis also shows that the maximum downwind concentrations 
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Air Concentrations vs. Surface Area 
1 (Landfills) 

30 7 
25 I W c-
20 

15 Little Rock 

10 

5 4  
01 I I I I 

0 400,000 800,000 1,200,000 1,600,OOO 

Surface Area ( d j  

i 


Air Concentratiors vs. Surface Area 
(2m High Waste!PiIes) 

1 


+Little Rock 
-m- Los Angeles 

0 20,000 40,OOO :60,000 80,000 10,000 

Surface Area (m2) 

Note: Largest areas modeled for each WMU type.have been omitted from the chart to improve clarity. 

Figure B-2.Air concentration vs. size of area source. 
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Table B-3. Areas Modeled for Landfills and 

i n r  Land Application Units 

Source Area (m') Source Height (m) . = 

Ld 

t
L d  

81 

567 

1351 

4,047 

12,546 

40,500 

78,957 

161,880 

243,000 

376,776 

607,000 

906,528 

1,408,356 

8,090,000 0 

Table B-4.Areas and Source Heights Modeled for Wastepiles 

r" 
h .  


20 2 5 

162 5 

486 ,5 

2,100 5 
10,100 ' 2  5 

101,000 2 5 

1,300,000 2 5 ,  

Table B-5.Areas Modeled for Aerated and Storage Tanks 

27 4.0 

i.. 430 3.7 
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decrease sharply from the edge of the area source to about 1,000meters from the source. After 
the first 1,000meters from the edge of the area source, concentrations decrease very slowly as the 
downwind distance increases. Therefore, for annual average concentrations, the receptor points 
were placed on 0,25,50,75,  150,500,and 1,000meter receptor squares starting from the edge 
of the source, with 16 receptor points on each square. The first receptor square (Le., 0 meter) is 
at the edge of the unit. For monthly and daily averaging periods used in the subchronic and acute 
assessment, the receptors were placed on 0,25,50,  and 75  meter receptor squares. 

B.3 Unitized Air Concentrations 

Unitized air concentrations (UACs) were calculated by running ISCST3 with a unit 
emission rate (i.e., 1 pg/m2-s). The selected areas for each type of WMU were modeled with 29 
representative meteorological locations in the continental United States to estimate UACs. The 
5-year average UACs at all receptor points were calculated for the long-term or chronic exposure 
scenario. They were used as inputs to the Monte Carlo analysis and as input to the interpolation 
routine discussed above. 

A similar methodology and assumptions were used to model dispersion for acute and sub-
chronic exposures. Since the ISCST3 model uses hourly meteorological data, the outputs from 
the model can be used to develop any averaging times equal to or greater than 1 hour. One set of 
ISCST3 runs (for the 21 areas and 29 meteorological stations) was done for both acute and 
subchronic, resulting in 5 years of hourly average concentrations at each receptor. For each area, 
meteorological location, and receptor location, the maximum air concentration for any 24-hour 
period over the 5 years was selected. Then, for each area and meteorological station, the 
maximum 24-hour air concentration among all 'receptor locations at each distance modeled was 
selected, and this was used as the UAC for that area and meteoro1ogical.station for acute 
exposure. The same method was used to determine the subchronic UAC, except that the 
maximum 30-day period over the 5 years was used instead of the maximum 24-hour period. It 
was assumed that the greatest risk of acute exposure would be closest to the site; therefore, the 
receptors points were placed at 0,25,50, and 75 meters from the edge of the WMU, with 16 
equally spaced directions at each distance. 

The maximum annual average UACs are presented in Tables B-6 through B-8 for the 
different types of WMus. Typically, the location of maximum impacts with respect to the source 
are determined by the prevailing wind direction. For ground-level area sources (i.e., landfills and 
land application units), maximum annual average UACs are always located on the first receptor 
square (i.e., 0-m receptors or onsite receptors). For elevated area sources, the maximum annual 
average UACs are usually located on the first receptor square and occasionally located on the 
second or third receptor square. The results in Tables B-6 through B-8 show that the annual 
average UACs increase with the increasing area size of the sources. 

Figures B-3 through B-6 show that maximum UACs vary with meteorological location. 
For landfills and land application units, the maximum UACs at some meteorological locations 
can be twice as much as those at other locations. For wastepiles and tanks, the maximum UACs 
at some meteorological locations are more than twice those at other meteorological locations. 
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Table B-8. Maximum Annual Average Unitized Air 
Concentrations (pg/m3/pg/s-m2)for Aerated and Storage Tanks 

Met Statio 

Albuquerque, NM 23050 0.00286 0.04652 

Atlanta, GA 13874 0.00333 0.06414 

Bismarck,ND . 24011 0.00245 0.04142 

Boise, ID 24131 0.00519 0.09329 

Casper, WY 24089 0.00425 0.08087 

Charleston, SC 13880 0.00257 0.04466 

Chicago, IL 94846 0.00248 0.04656 

Cleveland, OH 14820 0.00408 0.07670 

Denver, CO 23062 0.00383 0.06834 

Fresno, CA 93193 0.00652 0.12357 

Harrisburg, PA 14751 0.00378 0.066 10 

Hartford, CT 14740 0.00462 0.07620 

Houston, TX 12960 0.00321 0.06281 

Huntington, WV 3860 0.00403 0.07845 

L a  Vega, NV 23164 0.00265 0.04930 

Lincoln, NE 14939 
I 

0.00336 0.05724 

Little Rock, AR 13963 0.00272 0.04850 

Los Angeles, CA 24174 0.00779 0.12923 

Miami, FL 12839 0.00328 0.05823 

Minneapolis, MN 14922 0.00235 0.04401 

Philadelphia,PA 13739 0.00350 0.05938 

Phoenix, AZ 23183 0.00506 0.08872 

Portland, ME 14764 0.00317 0.05 184 

Raleigh-Durham, NCI 13722 0.00302 0.05285 

Salem, OR 24232 0.00532 0.08962 
I 

Salt Lake City, UT 24127 0.00465 0.08360 

San Francisco, CA 23234 0.00543 0.09 108 

Seattle, WA 24233 0.00594 0.10704 

Winnemucca, NV 24128 0.00282 0.04978 
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Appendix C 

Sensitivity Analysis of ISC Air Model 

This appendix describes sensitivity analysis on depletion options, source shape and 
orientation, and receptor location and spacing. 

C.l Options With and Without Depletions 

A sensitivity analysis was conducted using the ISCST3 model to determine whether dry 
and wet depletion options should be used in the risk analysis for five types of waste management 
units. A discussion of the analysis follows. 

The depletion options (dry depletion and wet depletion) may be used with concentrations 
and depositions in the ISCST3 model runs. The model concentrations/depositionswithout 
depletion are higher than those with depletion. Because it takes much longer to run the ISCST3 
model with depletions than without depletions, a sensitivity analysis was performed to 
investigate the differences of model outputs with and without selecting depletion options. 

In this investigation, the 5th and the 95th percentile of sizes of LAUs were used to 
determine the relationship between concentrations with depletions and sizes of units. 

For dry depletion, two meteorological stations (Little Rock, Arkansas, and Winnemucca, 
Nevada) were selected for the sensitivity analysis. The average particle sizes used in the 
sensitivity analysis are 20 pm and 5 pm with corresponding mass fraction of 50 percent each. 
The roughness length at application site was assumed as 0.4 meters. 

For wet depletion, two meteorological stations were selected for the sensitivity analysis: 
Atlanta, Georgia, with 49.8 inches precipitation per year (4th highest annual precipitation rate 
among the 29 meteorological stations to be modeled), and Winnemucca, Nevada, with 8.1 inches 
precipitation per year (3rd lowest annual precipitation rate). The reason for selecting a wet site 
and a dry site was to examine (1) whether wet depletion has a more significant impact for a wet 
site than a dry site; and (2) the differences of ambient concentrations that a very wet site can 
make with and without selecting wet depletion. 

Five-year average concentrations with and without dry depletion were calculated using 
meteorological data from Little Rock and Winnemucca for the 5th and the 95th percentile of 
sizes of LAUs. The results show that the differences of the maximum concentrations with and 
without dry depletion are very small at close-to-source receptors. As the distance from the source 
increases, the differences between the dry depletion option and without dry depletion increase 
only slightly. The differences of concentrations are about 10percent of the concentrations for the 
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95th percentile and are less than 2 percent of the concentrations for the 5th percentile at 50 
meters from the edge of the LAU. The larger the area source, the larger the differences of the 
maximum concentrations. The results are shown in Figures C-la through C-ld. 

Five-year average concentrations with and without wet depletion also were calculated 
using meteorological data from Atlanta and Winnemucca for the 5th and 95th percentile of sizes 
of LAUs. The results show that the differences of the maximum concentrations with and without 
wet depletion are small for both Atlanta and Winnemucca sites. However, the differences in the 
maximum concentrations between the wet depletion option and without wet depletion are about 5 
to 10 times greater for the Atlanta site than the Winnemucca site. Tables C-la and C-lb show 
that for the 95th percentile unit size, at 50 meters from the edge of the unit, the differences in the 
maximum concentrations are only 0.03%and 0.37% for Winnemucca and Atlanta, respectively. 
This means that model concentrations with and without wet depletion are about the same. 
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C.2 Source Shape and Orientation 


A sensitivity analysis was conducted using the ISCST3 air model to determine what role 
source shape and orientation play in determining dispersion coefficients of air pollutants. A 
discussion of this analysis follows. 

Three different sources were chosen for this analysis. The sources were a square (source 
No. l), a rectangle oriented east to west (source No. 2), and a rectangle oriented north to south 
(source No. 3). All three sources had an area of 400 m2 in order to ensure that equal emission 
rates were compared. The rectangles were selected to be exactly two times longer and half as 
wide as the square (see Figure C-2). 

Two meteorological stations at Little Rock, Arkansas, and LQSAngeles, California, were 
selected for this modeling analysis in order to compare two different meteorological regimes. 
Little Rock was selected because of its evenly distributed wind directions and Los Angeles was 
selected because it has a predominantly southwest wind direction (see Figure C-3). Five years of 
meteorological data were used for this analysis. 

Each area source was modeled with similar receptor grids to ensure consistency. Sixteen 
receptors were placed on the edge of each of the area sources and another 16 w p e  placed 25 
meters out from the edge. Each of these two receptor groups were modeled as a Cartesian 
receptor grid. Two receptor rings were also placed at 50 and 100meters out from the center of 
the source. This polar receptor grid consisted of 16 receptors with a 22.5 degree interval between 
receptors. See Figures C-4a through C-4c for receptor locations. 

The ISCST3 model was run using the meteorological data from Little Rock, Arkansas, 
and Los Angeles, California, and the results are shown in Tables C-2a and C-2b. The results 
indicated that the standard deviation of the differences in air concentrations is greatest between 
source No. 2 and source No; 3. This difference is due to the orientation of the source. This occurs 
for both the Cartesian receptor grid and the polar receptor grid at both meteorological locations. 
This shows that the model is sensitive to the orientation of the rectangular area source. 

Standard deviations are significantly smaller when source No. 1 is compared to source 
Nos. 2 or 3. This shows that the differences in Unitized Air Concentration (UAC) between the 
square source and the two rectangular sources are less than the differences between the two 
rectangular sources. A square area source also contributes the least amount of impact of 
orientation. Since no information on source shape or orientation is available, a square source will 
minimize the errors caused by different source shapes and orientations. 
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Figure C-2. Source Shapes and Orientations 
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Figure C-3. Wind Roses 
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C.3 Receptor Locations and Spacings 

A sensitivity analysis was conducted using the ISCST3 model to determine what receptor 
locations and spacings should be used in the risk analysis for five types of waste management 
units (WMUs). A discussion of the analysis follows. 

Because it takes a substantial amount of time for the ISCST3 model to execute, it was 
necessary to choose a limited number of receptors to be used in the dispersion modeling analysis. 
The larger the number of receptor points, the longer the run time. However, modeling fewer 
receptors may result in the omission of the maximum point for assessing exposure impacts. 
Therefore, a sensitivity analysis was conducted to determine the number of receptors needed for 
the model run and to locate ideal receptor placements. 

A wind rose was plotted for each of the 29 meteorological stations to be used in the risk 
analysis for a 5-year time period in order to choose two meteorological stations for this 
sensitivity analysis. Little Rock, Arkansas, and Los Angeles, California, meteorological stations 
were selected for the sensitivity analysis. The wind roses show that Little Rock has very evenly 
distributed wind directions, and Los Angeles has a predominant southwest to west wind 
(Figure C-3). Little Rock and Los Angeles were chosen to determine if a higher density of 
receptors should be placed downwind of a site near Los Angeles, as compared to a site near Little 
Rock. Similarly, the 5th, 50th,and 95th percentile of sizes of LAUs were used in the sensitivity 
analysis to determine whether sizes of units can affect receptor locations and spacings. The areas 
of the 5th, 50th, and 95th percentile of sizes of LAUs are 1,200 m2, 100,000m2, and 1,700,000 
m2, respectively. 

The dispersion modeling was conducted using two sets of receptor grids. The first set of 
receptor points (Cartesian receptor grid) was placed around the modeled source with distances of 
0,25, 50,75,and 150meters from the edge of the unit. Square-shaped ground-level area sources 
were used in the modeling. Therefore, these receptors are located on five squares surrounding the 
source. The second set of receptor points (polar receptor grid) was placed outside of the first set 
of receptors to 10 kilometers from the center of the source. Since the ISCST3 model's area 
source algorithm does not consider elevated terrain, receptor elevations were not input in the 
modeling. 

In this sensitivity analysis, both downwind and lateral receptor spacings were investigated 
for three unit sizes using 5 years of meteorological data from Little Rock and Los Angeles. For 
the first set of receptor points &e., Cartesian receptor grid), five downwind distances of 0,25,50, 
75,and 150meters from the edge of the source were used. For lateral receptor spacing, choices 
of 64, 32, and 16 equally spaced receptor points for each square were used in the modeling to 
determine the number of receptors needed to catch the maximum impacts. (See Figures C-5a 
through C-5c for Cartesian receptor locations and spacings [50th percentile]). For the second set 
of receptor points (i.e., polar receptor grid), about 20 downwind distances @e., receptor rings) 
were used. Receptor lateral intervals of 22.5" and 10" were used to determine whether 22.5" 
spacing can catch the maximum impacts. With a 22.5" interval, there are 16 receptors on each 
ring. There are 36 receptors on each ring for the 10" interval. See Figures C-6a and C-6b for 
polar receptor locations (5th percentile). 
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The results (Figures C-7a through C-70 show that the maximum downwind 
concentrations decrease sharply from the edge of the area source to 150 meters from the source. 
The maximum concentrations decrease more sharply for a smaller area source than for a larger 
one. This means that more close-to-source receptors are generally needed for a small area source 
than for a large one. 

The results also show that the maximum impacts are generally higher for a dense receptor 
grid (i.e., 64 or 32 receptors on each square) than for a scattered receptor grid (i.eb,16 receptors 
on each square). However, the differences of the maximum receptor impacts are not significant 
between a dense and a scattered receptor grid (Figures C-7a through C-70. It should be noted that 
the above conclusions apply to both Little Rock and Los Angeles. This means that the 
distribution of wind directions does not play an important role in determining receptor lateral 
spacings. 

Figures C-Sa through C-8f compare the maximum concentrations at each ring for 22.5" 
and 10" intervals. The results show that the differences of the maximum concentrations are 
greater for close-to-source receptors than for further out receptors, and the differences are greater 
for larger area sources than for smaller area sources. h e  differences of the maximum 
concentrations for 22.5" and 10" intervals are generally small, and the concentrations tend to be 
the same at 10 kilometers. The conclusions were drawn from both Little Rock and Los Angeles

i

meteorological data. 
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Appendix C 

C.4 An Analysis on Windrosesat the 29 Sites 

The hourly meteorological data from the 29 meteorological stations used in the Air 
Characteristic Study were>usedto generate windroses. A windrose consists of 16 directions, with 
the angle between any two adjacent directions being 22.5 O. The prevailing wind directions for the 
29 meteorological stations were counted to estimate the number of entries in each wind 
directions category. The results are presented in Figure C-9. 

The narrowness of the most frequent wind directions for each of the 29 meteorological 
stations was examined. Based on the narrowness (or angles) of the most frequent wind directions, 
four categories were used to distinguish the windroses for the 29 meteorological stations. The 
four categories of windroses are: 

Narrowly distributed: most frequent wind directions no greater than 45 O 

Moderately distributed: most frequent wind directions'no greater than 90" 

Evenly distributed: no obvious predominant wind directions 

Bimodally distributed: most frequent wind directions are from two opposite 
directions. 

The number of meteorological stations in each category is given in Table C-3. Figure C-10 gives 
some examples of windroses for each category. The windroses for the 29 meteorological stations 
are available and can be provided upon request. 

An examination of the windroses and the maximum unitized annual average air 
concentrations from the Air Characteristic Study revealed that the sites with high concentrations 
are those with narrowly distributed wind directions. Simply put, persistent wind direction 
consistently blows pollutants from the source to the same receptors. Therefore, the more often 
the wind blows in a certain direction, the more likely high cumulative concentrations will occur 
at sites in that direction. + 

Air concentrations from a source are inversely proportion to windspeed. Given the same 
distribution of wind directions, a site with lower wiridspeed will have higher concentrations. The 
windroses show that, in the prevailing wind direction, the percentage of light wind occurring at a 
site with narrowly distributed wind directions is often higher than that at a site with evenly 
distributed wind directions. Therefore, we can conclude that a site with narrowly distributed wind 
directions will most likely produce the highest long-term average air concentrations. 

* / 
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Table C-3. No. of Met Stations with Different 
Shapes of Windroses 

?- Shape of Windrose No. of Stations 
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Appendix D 

Determination of Groundwater Dilution 
Attenuation Factors for Fixed Waste Site Areas 

using EPACMTP 

'Note: This appendix consists of Attachment E from the Technical Background Document for Soil 
Screening Guidance (U.S. EPA, 1995). The entire attachment is included to document the 
determination of DAFs used in the solvent wipers risk analysis. 
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PREFACE 

The work documented in this report was conducted by HydroGeoLogic, Inc. for the EPA Office 
of Solid Waste. The work was performed partially under Contract No. 68-WO-0029and 

partially under Contract No. 68-W3-0008,subcontracted through ICF Inc. This documentation F 
was prepared under Contract No. 68-W4-0017.Technical direction on behajf of the Office of t 

Solid Waste was provided by Dr. Z.A. Saleem. r 
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ABSTRACT 


m e  EPA Composite Model for Leachate Migration with Transformation Products (EFJACMTP) 

was applied to generate Dilution Attenuation Factors OAF)for the groundwater pathway in 
~ p o nof the development of Soil Screening Level Guidance. The model was applied on a 

nationwide basis, using Monte Carlo simulation, to determine DAFs as-a function of the area 

of the conraminated site at various probability levels. The analysis was conducted in two stages: 

First, the number of Monte Carlo iterations required to achieve converged results was 

detmnined. Convergence was defined as a change of less than 5% in the 85th percentile DAF 
value. A number of 15,000 Monte Carlo iterations was determined to yield convergence; 

subsequent analyses were performed using this number of iterations. Second, Monte Carlo 

adyses w a t  performed to determine DAF values as a function of the contaminated area. The 
effects ofdiffaen~placements of the receptor well were evaluated. 

. 
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1.0 INTRODUCTION 

The Agency is developing estimates for threshold values of chemical concentrations in soils at 

contaminated sites that represent a ]eve1 of concentration above which there is sufficient concern 

to warrant further site-specific study. These concentration levels are called Soil Screening 

Levels (SSLs). The primary purpose of the SSLS is to accelerate decision making concerning 

contaminated soils. Generally, if contaminant concentrations in soil fail below the screening 

level and the site meets specific residential use conditions, no further study or action is 

wananted for that area under CERCLA (EPA, 1993b). 

The Soil Screening kve l s  have been developed using residential land use human exposure 
Bssumptiolls and considering multiple pathways of exposure to the co * - , including 

miigrationofco . . - through soiltoanunderlying potable aquifer. Contaminantmigration 

throughtheunsaturated zone to thewater table generally reduces the soil leachate:collcentration 

by amnuation proctsscs such as adsorption and degradation. Groundwater CranSpoR the 
-r a*omthrougha M o n  and dilution. "leco - .t~ ~ z o n c ~COIlcmmtl i ~ 

concentration arriving at a ftccptof point in the sanuated zone,e.g., a domestic drinking water 

well, is dlcxefmgenerally lower thanthe original COntamlnant C0nrmh';rtinninfhesoillcachate.* 

Tht reduction in conccmat~'oncan be expressed succinctly in a Dilution-Attumm'on Factor 

(DAF) defined as the ration of original soil leachate conccntm~*onto thc rcccptor point 
-	 co-01~ The lowest possible value of DAF if therefore one; a value of DAF=lmeans 
that there is no dilution or arrcmtatr'onat all; the concentration at thc receptor point is the same 

as tbat in the soil leachate. High values ofDAFon the other hand Correspond to a bighdegree 

of dilution and attenuation. 

For any specific site, the DAF depends on the h r a c t ~'on of a multitude of site-specifs factors 
and physical and bio-chemical pmcesses. The DAF also depends on the nature of the 

c o - . t itsee Le., whether or not the chemical degrades or sorbs. As a result, it is 
impssible'to p d c t  DAF values without the aid of a suitable computer fate and transport 
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simulation model that simulates the migration of a contaminant through the subsurface, and 

accounts for the relevant mechanisms and processes that affect the receptor concentration. 

The Agency has developed the EPA Composite Model for Leachate Migration with 

Transformation Products (EPACMTP; EPA, 1993a, 1994) to assess the groundwater quality 

impacts due to migrationofwastes from surface waste sites. This model simulates the fate and 

tramport ofcontaminantsafter their release from the land disposal unit into the soil, downwards 

to the water table and subsequently through the saturated zone. The fate! and transport model 

has been coupled to a Monte Carlo driver to pennit determination of DAFs on a generic, 

nationwide basis. The EPACMTPmodel hasbeen applied to determine DAFs for the subsurface 

pathway for fixed waste site areas, as part of the development of Soil Srxeening Levels. This 

reportdescribes the applicationof EPACMTP for this purpose. 
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2.0 G R 0 U " A T E R  MODEL 


2.1 Description of EPACMTP Model 

The EPA Composite Model for Leachate MigrationwithTransformation Eroducts (EPACMTP, 
EPA, 1993a, 1994) is a computer model for simulating the subsurface fate and transport of 
conraminants that are released at or near the soil surface. A schematic view ofthe conceptual 
subsurface system as simulated by EPACMTP, is shown in Figure 1. The contaminants are 
initially released over a rectangular source area representing the waste site. The modeled 

subsurface system consistS of an unsaturated zone underneath the source area,and anunderlying 

water table aquifer. Contamhints move vertically downward through the unsaturated zone to 

the water table. The con- is assumed to be dissolved in the aqueous phase; it migrates 

throughthesoil under the influence of downward infiitration. The rate of infiitration may reflect 

the combined effect ofprecipitation and releases from the s o n  area. Once the contamhmt 

enters the saturated zone,a thrre-dimensionalplume develops under the combined influence of 
advection with the ambient groundwater flow and dispersive mixing. 

The EPACMTP accOuntS for the following processes affecting conraminant fie and transport: 
advection, dispersion, equilibrium sorption, first-orderdecay reactions, and rccharge dilution 

in the saturami zone. For contamham thattransforminto one or mori daughter products, the 

model can account for the fktc and transport of those txansformatimproducts also. 

The EPACMTP model cons& of three main modules: 

An unsaturated zone flow and transportmodule 

0 A saturated zone flow and tmnsport module 

A Monte Carlo driver module, which generates model @ut 
parameter values from spccified probability distributions 

The assumptions of the ~ ~ ~ l . u r a t e dzone and saturated zone flow and transp~rtmodules are 
described in Section 2.2. The Monte Carlo modeling procedm is dcscribtd in Section 2.3. 
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2.2 Fate and Transport Simulation Modules 

2.2.1 Unsaturated zone flow and tranmort module 

Details on the mathematical formulation and solution techniques of the unsaturated zone flow 

and transport module are provided in the EPACMTP background document (EPA, 1993a). For 

completeness, the major features and assumptions are summanzed below:-
The source area is a rectangular area. 

Conraminanrsare distributed uniformly over the source area. 

m The soil is a uniform, isotropic porous medium. 

Flow and transpo~in the unsamd zone arc onedimensional, 
downward. 

1 

ia,,I Flowis steady state, and driven by a prrscn'bed rate of Witration. 

Flow is isothermal and governed by Darcy's Law. 

Thc leachate concamation entering the soil is either constant (with 
a finite or infinitr:duration), or dccrrasing with time following a 
firsmrder decay prootss. 

The chemical is dilute and present in solutionor soil solid phase 
only. 

0 Sorption of chemicals onto tht soil solid phasc is described by a 
l inwrornonlintar(F~ch)cquilib~isathcrm. 

* 	 Chemical andbiological transfoxmationproctss canbe rep-
by an effective, first-order decay cocf�icient. , 

233 Saturated zone flow and transDort module 

!-. Thc tmsatmatcdzonemodule computes thccontaminanteoacc~tionaxriving at thewater table, 

f as a fimction of time. Multiplyins this wnccntration by the rate of infiltration through the 
*_­ unsauuatd zone yields the commhantmass fluxentering the sahlrated zone. This mass flux 

is specified as the source boundary condition for the sahvatcd zone flow and transportmodule. 
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Groundwater flow in the saturated zone is simulated using a (quasi-) three-dimensional steady 

state solution for predicting hydraulic head and Darcy velocities in a constant thickness 

groundwater system subject to infitration and recharge along the top of the aquifer and a 

regional hydraulic gradient defined by upstream and downstream head boundary conditions. 

In addition to modeling fully three-dimensional groundwater flowand contaminant fate and 

transport,EPACMTP dffers the option to perform quasi-3D modeling. When this option is 

selected,the model ignores either the flowcomponentin the horizontal transverse (-y) direction, 

or the vertical (-z)direction. The appropriate 20 approximation is selected automatically in the 

code, based on the relative siflicance of plume movement in the horizontal transverse versus 

vertical directions. Details of this procedure are provided in the sanuated zone background 

document (EPA. 1993a). The switching criterion that is implemented in the code will select the 

2D areal solution for situations with a relatively thin saturated mne in which the contaminant 

plume would occupy the entire saturak thickness; conversely, the solution in which advection 

in the horizontal transverse dirtction is i p m d  is used in situations with a large saturated 

thickness, in which the effect of vertical plume movement is morr important. 

The saturated zone transport module describes the advcctivcdispcrsive transport of dissolved 

cant . in a three-dimensional, constant thidmes a@=. The initial hundary is zero, 
and the lower aquifer boundary is taktnto be impamtable. No-flux conditions are set for the 

upstrwm aquifer boundary. Contrminants entcr thc saturated &ne through a patch so- of 
either constant concenttation or constantmass flux on thc uppcr aquifer boundary, rqrescnting 
the area dircctly underneath thc wastc site at thc soil surface. Tht source may be of a frnitc or 

infinite duration. Recharge ofco- . -fret infiltrationwater occursdong theupper aquifer 

boundary outside the patch source. Transport lIltchaniglls considered are advection, 

longitudinal, vertical and transvase hydrodynamic dispersion, linear or nonlinear equilibrium 

adsorption. first-ordtr decay and'daughtnr product formation. As in the unsaturated zone, the 

saturated zone transport module can simulate multi-species transport involving chaiaed decay 

rmctions. The saturated zone transport module of EPACMTP can perfom either a fully three-

dimensional transport simulation, or provide a quasi-3D approximation. The latter ignores 
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advection in either the horizontal transverse (-y) direction, on the vertical (-2) direction, 

consistent with the quasi-3D flow solution. In the course of a Monte Carlo simulation, the 

appropriate 2D approximations are selected automatically for each individual Monte Carlo 
iteration,thus yielding an overall quasi-3D simulation. 

The satuated zone and transport module is based on the following assumptions: 

e The aquifer is uniform and initially contaminant-free. 

e 	 The flow field is at steady stare; seasonal fluctuations in 
groundwater flow are neglected. 

The saturated thiclcness of the aquifer remains constant; mounding
is represented by the head distribution along the top boundary of 
the modeled saturated zone system. 

e Flow is i s o t h d  and governed by Darcy's Law. 

e 	 The chemical dilute and present in the solution or aquifer solid 
phase only. 

e 	 Adsorption onto the Solid phase is descn"bed by a linear or 
nodhear quiIiirium isorhem. 

0 Chemical andlor biochemical transformation of the contaminaDt 
. canbcdescrihdasafirst-orderprocess. 

233 .yodel mDabilities and limitations 

EPACMTP is based on a,numk of simplifyhg assumptions which makt thecode easiertouse 
and ensure its computational efficiency. These assUmptions, however, may caw application 
of the model to be inappropriate in certain situations. 

The PliLinassumptions embedded in the fate and transpo~tmodel arc summa&& in thc previous 
S C C t i 0 I l S d ~ - in more detail here. The user should veri@ that tht assumptioas are 
reasonable �or a given application. 

.. 
. .  
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Uniform Porous Sail and Aquifer Medium. EPACMTP assumes that the soil and aquifer 

behave as uniform porous media and that flow and transport are described by Darcy's law and 

the advection-dispersion equation, respectively. The model does not account for the presence 

of cracks, macro-pores, and fractures. Where these features are present, EPACMTP may 

underpredict the rate of contaminant movement. 

. Single Phase Flow and mznsport. The model assumes that the water phase is the only mobile 

phase and disregards interphase transfer processes other thanreversible adsorption onto the solid 

phase. For example, the model does not account for volatilkation in the unsaturated zone, 

which will tend to give conservative predictions for volatile chemicals. The model also does not 
account for the presence of a second liquid phase (e.g., oil). When a mobile oil phase is 
prcscnt, the movement of hydrophobic chemicals may be underpredicted by the model, since 
significantmigration may occur in the oil phase rather than in the water phase. 

Equilibrium Adsorption. The model ass4mcs that adsorption of CO- onto the soil or 
aquifer solid phase occurs instantaneously, or at last rapidly relative to the rate ofcontaminant 

movement. In addition, the adsorptionprocess is takento be Cntircly reversible. 

GeochemiSay. The EPACMTP madel does not account for complex geochemical processes, 

such as ion exchange, precipitation and complexation, which may affect the migration of 
chcmicalk in the subsurface environment. EPACMTP can only approximatt suchpmcascs as 
an effective equili3rium retardation process. The effect of geochemical intcractl'ODs may be 
cspccwy impmiit in the fate and transport d y s c s  ofmetals. Enbnccmmtof the model for 
hadling a wide variety ofgeochemical conditions is CUmnLty underway. 

i.Trst-Order D e w .  It is assumai that the rate of wnmnhnt loss due to decay reactions is 
proportional to the dissolved ContamiDant concentration. The model is based on one overall 

decay constant and does not explicitly account for multiple degradation processes, such as 
oxidation, hydrolysis, and biodegradation. When multiple decay processes do occur,the user 
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must determine the overall, effective decay me.  In order to increase flexibility of the model, 

. the user may insuuct the model to determine the overall decay coefficient from chemical specific 

hydrolysis constants plus soil and aquifer temperature and pH. 

Rescribed Decuy Reaction Stoichiometry. For scenarios involving chained decay reactions, 

EpACMTp assumes that the reaction stoichiometry is always prescribed, and the v b L i c > n  

factors are specified by the user as constants (see E P A C m  Background Docwnenr, EPA, 

1993a). In reality, these coefficientsmay change as functions of aquifer conditions (temperature, 

pH, etc.) and/or concentration levels of other chemical components. 

Unz~umSu2. EPACMTP assumes that the unsaturated zone profde is homogeneous. The 

model does not account for the presence of cracks and/or macropores in the soil, nor does it 

account for lateral soil variability. The latter condition may significantly affect the average 

transport behavior when the waste souru covers a large a r a  

Stea&-Stzrte mOw in the Unsrrtwrrtcd-Zone. Flow in the unsaturated zone is always treated as 
steady sfatc, with thc flow m e  dcttrmincd by the long tmn,average infiltration rate through 

a disposal unit, or by the average depth of ponding in a surface impoundment. Considering the 

time scale ofmost practical probiems, assuming steady-statc flow conditions in thc unsatuxatcd 

GroundwaterMuwuling. The saturated zone module of mACMTP is designed tosimulate flow 
and rransport in an unconfined aquifer. Groundwater mounding beneath thc sou~ccis 
rcprtsentcd only by increastd head values on top oftire aquifer. 'Ru saturated thiclmtssof thc 
aquifer rrmains wnstant in the model, and therefore themodel treats the aquifer as a c o n f i i  

system. This approach is hasonable as long as the mound height is smaU relative to thc 
saturated thickness of the aquifer and the thichess of the unsaturated zone. For composite 

modeling, the effect of mounding is partly accounted for in the unsaturated zonemodule, since 
the soil is allowed to become saturated. The aquifer porous material is assumed to be uniform. 
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although the model does account for anisotropy in the hydraulic conductivity. The lower aquifer 

boundary is assumed to be impermeable. 

ROWin the Smrcrted Zone. Flow in the saturated zone is taken to be at steady state. The 

concept is that of regional flowin the horizontal longitudinal direction,with vertical disturbance 

due to recharge and infiltration from the overlyingunsaturated zone and waste site (source area), 

EPACMTP accounts for variable recharge rates underneath and outside the source area. It is, 

however, assumed that the saturated zonehas a constantthickness,which may cause inaccuracies 

in the predicted groundwater flow and conraminant transport in cases when! the inf33tration rate 

fiom the waste disposal facility is high. 

2hzn.y~~in t i e  Srrhrmted Zone. Contaminant tmqort in the saturated zone is by advection 

and dispersion. The aquifer is assumed to be hitially comambnt free and can- enter 

the aquifcr only from the unsatmated zone ixnmcdiately undemeath the waste site, which is 
modeled as a rectangularhorizontal plane source. EPACMTP cansimulate both strady stateand 

transient ttansport inthesahvattd zone. Inthe fonncr case,the contarm~antmassfluxentering 
at the water tabie must be constant with time. Inthe latter case,the flux at the w a r  table can 
be constant or vary as a function of time. Tht transport module accounts for cquiliirium 

adsorption and decay d o n s ,  both of which are modclcd in the same manner as in the 

unsaturated zone. The adsorption and decay coefficientsarr assumed to be uniform throughout 

saturated zone. 

2.3 Monte Carlo Module 

EPACMTP was designed to perfom simulations on a nationwide basis, and to account for 

variations of model input paramctcrsreflecting variations msite and hydrogeologicalconditions. 
The fate and transport model is therefore linked to a Montc Carlo driver which generates model 
input parameter values fiom the probability distribution of each parameter. The Monte Carlo 

modeling procedure is described in more detail in this Section. 

4
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The Monte Carlo method requires that for each input paramex, except constar :parameters, a 

probability distribution is provided. The method involves the repeated generation of pseudo­

random values of the uncertain input variable(s) (drawn from the known distribution and within 

the range of any imposed bounds) and the application of the model using these values to generate 

a series ofmodel responses (receptorwell concentration). These responses are then statistically 

analyzed to yield the cumulative probability distribution of the model output. Thus, the various 

steps involved in the application of the Monte Carlo simulation technique are: 

Selection of qresentative cmiulative probability distribution 
functions for the relevant input variables. 

Generation of a pseudo-random number from the distributions 
selected in (1). These values represent a possible set of values (a 
realization)for the input variables. 

Application of the fate and transport simulation modules to 
compute the output(s), Le., downsueam well concentration. 

~epcateaapplication of steps (2) ami (3) for a sptcified number of 
iterations. 

Fkmtation of the series of output (random) values generated in 
stcp'(3). . 

Analysis of the Monte Carlo output to derive regdatory DAF 
values. 

The Montc Carlo module designed for implancntatr.'011 with the EPACMTP wmpositc modcl 
per�orms steps 2-5 above. This process is shown cowtually inFigure 2. Step 6 is per�oxmcd 

8s a post-proctssing step. This last step simply involvcs comrerting the lLoRpaliZcd raxptor well 

concumations to DAF values, and ranking then for high to low Aues. Each Monte Carlo 
iteration yields o m  DAF value for the constituent of concern @Ius one DAF value fot each of 
the bransformation products, ifthe constituent is a degrader). Sinceeach Mom Carlo iteration 

has equal probability, ordering theDAF v a l w  fromhigh to low, M y yields thti cumulative 

probability distribution (CDF). If appropriate, CDF curves represating different regional 
distriiutions may be combined into a single CDF CUIYC, which is a weighted average of the 

regionalarrvcs. . E ' 
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Figure 2 Conccptua?Monte Carlo framework for derivingprobability dmimion ofmodel 
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A simplified flow chart that illustrated the linking of the Monte Carlo module to the simulation 

modules of the EPACMTP composite model is presented in Figure 3. The modeling input data 

is read fmt, and subsequently the desired random numbers are generated. The generated 

random and/or derived parameter values are then assigned to the model variables. Following 
this, the contaminant tramport fate and transport simulation is performed. The result is given 

in terms of the predicted contaminant concentration(s) in a down-stream recgptor well. The 

generation of random parameter values and fate and t r a n ~ p o ~simulation is repeated as many 
times as desired to detennine the probability distribution of down-stream well concentrations. 

2.3.1 Capabilities and Limitations of Monte Carlo Module 

The Monte Carlo module in EPACMTP is implemented as a flexible module that can 

accommodate a wide variety of input distributions. These include: constant, n o d ,  log­
normal,exponential, uniform, loglouniform,,Johnson SB, empirical, or derived. In addition, 

specific upper and/or lower bounds can be provided for each parameter. The empirical 
distribution is used when the dam docs not fit any of the orher probability distributions. Whcn 
the empirical distribution is used, the probabiiity distriiution is specified in tabular form as a 

list of parameter values versus cumulativt probability, from zcm to one. 

It is important to realize that the Monte Carlo method accounts for param- variability and 
Uncertainty; it docs, however, not provide a way to accouljt or compensate for process 

mcembty. If the actual flow and transport proctsses that may OCCUT at dif�crentsites, are 
different 6-om tho.& simulated in the fatt and transport module, the d t of a Monte Carlo 

analysis may not accurately rcflcct the actual variation in gswundwatcr concentrations. 

EPACMTP does not directly account for potential statidcal dependencies, Le., corrclatiox~~ 
between parameters. The probability distributions of individual parameters are considered to 

be statistidly independent. At the same time, EPACMTP dots incorporate a number of 
safeguards against generating impossible combinations of model parameters. b w e r  and upper 
bounds on the paramctcrs prevent UllItaiiStl'cally low or high values f!mxnbcinggenerated at all.-
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In the case of model parameters that have a direct physical dependence on other parameters, 

* 	 these parameters can be specified as derived parameters. For instance,the ambient groundwater 

flowrate is determined by the regional hydraulic gradient and the aquifer hydraulic conductivity. 

In the Monte Carlo &lyses, the ambient groundwater flow rate is therefore calculated as the 

product of conductivity and gradient, rather thangenerated independently. A detailed discussion 

of the derived parameters used in the model is provided in the EPACMTP User's Guide (EPA, 

1994). 
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3.0 MODELING PROCEDURE 


This section documents the modeling procedure followed in determining the groundwater 

pathway DAF values for the Soil Screening Levels. Section 3.1 describes the overall approach 

for the modeling analysis; section 3.2 describes the model options used and s u m m a r i z s  the input 

parameter values. 

3.1 Modeling Approach 

The overall modeling approach consisted of two stages. First, a sensitivity analysis was 

performed to determine the optimal number of Monte Carlo repetitions required to achieve a 

stable and converged result, and to detexmine which site-related parameters have the greatest 

impact on the DAFs. Secondly, Monte Carlo analyses were performed to determined DAF 
values as a function of the size of the source ana, for various scenarios of receptor well 

placement. 

3.1.1 &termination of Monte Carlo Rewtition Number and Sensitivh Analvsis 

The criterion for determiningtht optimalnumber of Monte Carlo repetitions was set toa change 

in DAF value of no more than 5 pclrccnt when the number of rrpctitions is varied. A Monte 
Carlo simulationcomprising 20,000 rrpetitionswasfirst madc. Tht results h m  this simulation 
wcre anal+ by calculating thc 85thpcrrxntile DAF value obtained by sampling model output 

sequcncq ofdifferent length, from2,000to the full20,000repetitions. The modem scenario 

considered in this analysis was the same as that in the base case Scenario discused m the next 

section, with the size of the source area set to 10,OOO d. 

The sensitivity analysis on site-rclatedmodel parameters was performedby f aoneparameter 
at a time, while m m h h g  model parameters were Varied according to their default, nationwide 
probability disaibutions discussed in the EPACMTP User's Guide (EPA, 1993b). 
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For each parameter, the low, medium, and high values were selected, corresponc,ig to t,,e 15th, 

5Oth, and 85thpercentile, respectively, of that parameter’s probability distribution. As a result, 

the sensitivity analysis reflects, in pan, the width of each parameter’s probability distribution. 

Parameters with a narrow range of variation will tend to be among the less sensitive parameters, 

and vice versa for parameters that have a wide range of variation. By conducting the sensitivity 

analysis as a series of Monte Carlo simulations, any parameter interactionson the model output 

are automatically accounted for. Each of the Monte Carlo simulations yields a probability 

distributionof predicted receptor well concentrations. Evaluating the distributions obtained with 

Weren t  fured values of the Same parameter provides a measure of the overall sensitivity and 

impact of that parameter. In each case the model was run for 2000 Monte Carlo iterations. 

Steady-state conditions (continuoussource)were simulated in all cases. 

In a complete Monte Carlo analysis, over 20 different model parameters are involved. These 

parameters may be divided into two broad categories. The f m t  includes pacumten that are 

independent of contaminant-specific chemical propenies, e.g., depth to water table, aquifer 

thickness, receptor well distance, etc. The seconh category encompasses thost parameters that 
are related towntambnt-spccifiC sorptionand biochemical transformationcbamXms0‘a.This-
category includc~the organic carbon partition coefficient, but also paramttcrs such as aquifer 

pH, temperature and fraction organic carbon. The sensitivity of the model to the first category 
ofparameters has cxamintd, by considering a non-degxading, non-sorbhg c o w. under 
thcscconditions, any paramctm in the second category will have zero sensitivity. Inaddition, 
all UIYaturattdzone paramcttrs can be left out of thc analysis, sinct the pndictcdsttady state 

C o m concentration at tbt water table will always be the same as tbat entering the 
unsamrated zone. The only exception to this is the soil type parameter. In the nationwide 

. .  .Monte Carlo modeling approach, different soil types are d s U g w h d. Eadlofthethnce 

Meren t  soil types (sandy loam, silt loam or silty clay loam) bas a diffcrrnt distribution of 

infiltration me,with the sandy loam soil type having the highest infiltration ratcs, silty clay 
loam having the lowest, and silty loam having intermediate ratcs. The effect of the soil type 
p m e t e r  is thus inttrmixcd with that of infitration rate. Table 1 Iists the input ‘low’, 

‘mtdium’ and ‘high’ values for all the parameters examined. 
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Table 1 Parameter input values for model sensitivity analysis. 

Parameter 
Source Parameters 

Source Area (m2) 

Infiltration Rate ( d y r )  

Recharge Rate ( d y r )  

Saturated Zone Parameters 

Saturated Thickness (m) 

Hydraulic conductivity ( d y r )  

Regional gradient 

LOW Median High 

4.8 X lo" 2.8 x le 1.1Xl06 

6.0 X 104 6.4 x 1.7X10' 

6.0 x 104 8.0 x l S X 1 0 '  

15.55 60.8 159.3 

1.9x103 lSX10'  5.5 X 104 

4.3 x 103 1.8XlC2 5.0x1Q2 

Ambient groundwater velocity ( d y r )  53.2 404.0 2883.O 

Porosity 0.374 0.415 0.455 

Longitudinal Dispersivity (m) 4.2 12.7 98.5 

Transverse Dispersivity (m) 0.53 1-59 12.31 

Vertical Dkpexsivity (m) 0.026 0.079 0.62 
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3.1.2 Analysis of DAF Values for Different Source Areas 
\ 

Following completion of the sensitivity analysis discussed above, an analysis was performed of 


the variation of DAF values with size of the contaminated area. The sensitivity analysis, results 


of which are presented in Section 4.1, showed that the size of the contaminated source area is 


one of the most sensitive parameters in the model. For the purpose of deriving DAF values for 


the groundwater pathway in determining soil screening levels, it would therefore be appropriate r­
-
to correlate the DAF value to the size of the contaminated area. 

I 

The EPACMTP modeling analysis was designed to determine the size of the contaminated area 

that would result in DAF values of 10 and 100 at the upper 85th,9Oth, and 95th percentile of 

probability, respectively. Since it is not possible to directly determine the source area that 

results in a specific DAF value, the model yas executed for a range of different s o w  areas, 

using a different but fmed source area value in cach Monte Carlo simulation. The 85th,9Oth, 

and 95th percentile DAF values were thenplotted against source area, in ordcr to determine the 

value of source arca corresponding to a specific DAF value. 

3.13.1 Model Options and Input P-eters 	 r 
kml.Table 2Surmnarizts the EPACMTP model options used in pcrfoxming the sinlations. Model 

input parameters d arc ' ed in Table3. The selected options and input parameter 

distributions and values are consistent with those used in the default nationwide modeling,and 
are(ilsaw& individually in the EPAcMTlp User's Guide (EPA, 1994). Exceptions to this r; 
default modeling scenario are discussed below. 

source!Area 


In the d e f a t ,  nationwide modeling scenario, the waste site area, or source area, is treated as 


a Monte Car10 variable, with a distriiution ofvalues equal to that of the typeofwaste unit, e.g. 


landfills, considered. In the present modeling analyses, the souxu area was set to a different 


but constant value in each simulation run. 
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Table 2 Summary of EPACMTP modeling options. 

-

OPTION 

Simulation Type 

Number of Repetitions 
L,.r 	 Nationwide Aggregation 

Source Type 
Unsat. Zone Present 

Sat. Zone Model 

Contaminant Degradation 

Contaminant Sorption 

Value Selected 


Monte Carlo 


15,O00 


Yes 

Continuous 


Yes 

Quasi3D 


No 


No 
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Table 3 Summary of EPACMTP input parameters. 

Value or 
parameter Distribution Type Comment 

Source-Smific 

Area Constant Varied in tach M 

InfiltrationRatc Soil-rypc dependent default 

Recharge Rate Sod-type dependent default 

kachacc Conccnuation = 1.0 default 

chemical-Sdfic 

Hydrolysis Ratc Constanrs = 0.0 Contaminantd w  not degrade 

Organic Carbon Partition Cocff. = 0.0 Conraminant does not sorb 

unsaturated Zan* sbecific 

Depth to Water Table Empirical dcfault 

Dispcrsivity Soildepthdcpendmt dcfauft 

Soil Hydraulic Ropcrties soil-type dependent default 

sod (2hemId Aopmia Soil-typc deptadcnt dcfPllt­
$UUlatCdzdneSDen ‘fiC -

Derived from Part. Di?m. 

default 

Panicle Dipnaer 
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Recemor Well h a t i o n  


In the default nationwide modeling s c e d o ,  the position of the nearest downgradient receptor 


well in the saturated zone is treated as a Monte Carlo variable. The position of the well is 

defined by its x-, y-, and z-coordinates. The x-coordinate represents the distance along the 

ambient groundwater flow direction from the downgradient edge of the contaminated area. The 

y-coordinate represents the horizontal transverse distance of the well from the plume centerline. 

The x-, and y-coordinate in turn can be defrned in terms of an overall downgradient distance, 

and an angle off-center (EPA, 1994). The z-coordinaterepresents the depth of the well intake 

point below the water table. This is illustrated schematically in Figure 4, which shows the 

receptor well location in both plan view and cross-sectional view. 

In the default nationwide modeling scenario, the x-, and zcoordinates of the well are derermined 

from Agency surveys on the distance of residential wells from municipal landfdls, and data on 
the depth ofresidential drinking waterwells, respectively. The y-coordinatevalue is determined 

so that the well location fallswithin the approximate areal extent of the contaminanrplume (see 

Figure 4). 

For thepresent modeling analysis,a number ofdi�fercntreceptor well placement scenarios wtre 

considered. These Scenarios are s 'zed inTable 4. 

The base case sccIlilfio (scenario 1) mvolvcd scttbg thex-distanct ofthe -tor well to 25 feet 

from the edge of the source area. Nationwide default options wae used for the receptor well 

y- and zcoord~tcs .  The ycoordinatc of the well was assigned a uniform probability 

distribution within the boundary of the plume. The depth of thewell intake point (z-coordiite) 

was assumed to vary within upper and lower bounds of IS and 300 feet below the water table, 

reflecting a national sample distribution of depths of residential drinking watgf wells (EPA, 

1994). 


t 

In addition to this base case scenario, a n u m k  of othcr well placement scenarios were 

investigated also. These arc n u m k d  in Table 4 as scenarios 2 through 6. Scenario 2 
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Figure 4 Plan view and cross-section view showing location of ItCeptOr wen. 
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Table 4 Receptor well location scenarios. 

-

Scenario XweIl Ywell Zwell 
-~ 

1 (Base Case) 25 fi from edge of source 
area 

Monte Carlo within plume Nationwide 
Distribution 

2 Nationwide Distribution Monte Cirlo within plume Nationwide 
Distribution 

3 0 fi from edge of source Monk Carlo within half- Nationwide 
area width of source area Distribution 

4 25 fi from edge of source Monte Carlo within half- Nationwide 
area width of source arta Distribuhon 

5 100ft from edge of Monte Carlo within half- Nationwide 
source area width of source area Distribution 

6 25 ft from edge of source Width of source a m  + 25 ft below 
-arcs 25 fi water table 

Xwell = Downgradient distanceof ftCePtOr well from edge of source area. 

Ywell = Horizontal transverse distance from plume ccntcriine. 

Zwell = Depth of well inrake point below water table. 
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corresponds to the default, nationwide Monte Carlo modeling scenario in which the x, y, and 

z locations of the we11 are all variable. In scenarios 3, 4 and 5 ,  the distance between the 

receptor well and the source area is varied from zero to 100 feet. In these scenarios, the y­
coordinate of the well was constrained to the central ponion of the plume. In scenario number 

6, the x-, y-, and z-coordinatesof the receptor well were all set to constant values. These 

additional scenarios were included in the analysis in order to assess the sensitivity of the model 

results to the locatioa of the receptor well. 

,Apuifer Panicle Size Distribution 

In the default Monte Carlo modeling scenario, the aquifer hydraulic conductivity, porosity, and 

bulk density are determined from the mean particle diameter. The particle diameter distribution 

used is based on data compiled by Shea (1974). In the present modeling analyses for fixed 

waste site areas, the same approach and data were uscd, but the distribution was shifted 
somewhat to assign more weight to the smallest particle diameter internal. The result is that 

lower valuesof thehydraulic conductivity values gcmrated, and also of the ambient groundwater 

seepage velocities, received more cmpbasis. Lower ambient groundwater velocities reduce the 
degree ofdilution of the incoming contambnt plume and therefore result in lower, Le.more 

consemtive, DAF values. Table 5 summarizts thc distriion of particle s i q  diameters used 

in both the default nationwide modelirig scenario and m the prtscnt analyses. 
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Table 5 Disuiburion of aquifer particle diameter. 

L-


Ft”4 Nationwide Default Present Analvses 
t 

Particle Diameter Cumulative Particle Diamerer Cumulative 
(m) Probability (m) Probability 

L 3.9 10.4 0.OOO 4.0lo4 0.100 

7.8 104 - 0.038 8.0 104 0.150 

1.6 103 0.104 1.610-3 8.200 

r, 3.1103 0.171 3.1 10-3 8.270 
r 6.3 103 0.262 6.3 10-3 0.330 

1.25 0.371 1.25 10-2 0.440 

2.5 1c2 0.560 2.5 l0-t 0.590 
5.0 10’ 0.792 5.010’ 0.790 
1.0 10’ 0.904 1.01c* 0.880 

2.0 10’ 0.944 2.0 l@’ 0.910 
4.0 10’ 0.946 4.010’ 0.940 

8.0 I@’ 1.ooo 7.5 l@* 1.OOo 
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4.0 RESULTS 


This section presents the results of the modeling analyses performed. The analysis of the 

convergence of the Monte Carlo simulation is presented first, followed by the parameter 

sensitivity analysis, and thirdly the analysis of DAF values as a function of source area for 

. various well placement scenarios. 

4.1 Convergence of Monte Car10 Simulation 

Table 6 s u m m u k e s  the results of this convergence analysis. It shows the v a r h ~ o nof the 85th 
percentile DAF value with the number ofMonte Carlo repetitions, from 2,000to 20,000. The 
variations in DAF values arc shown both as absolute and relative differences. The table shows 

that for this example, the DAF generally increaseswith the number of MonteCarlo repetitions. 

It should be kept inmind that the results fromdifferent repetition numbers as presented in the 

table, arc not indepcndmt of one another. For instanu, the fim 2000 repetitions are also 

incorpotated in the 5000 repetitionresults, which in turn is m the 10,OOO rrpetition rcsult, etc. 

The nghfxnost column of Table 6 shows the pcruntage diffcrrnct m DAF value between 
% differrnt mpaitionnumbers. At repetition IIumbcrsof 14,000 or less, the percentage differrnct 

varies in a somewht intgUiar manncr. However, for hpttitior,numbers of 15,000 or greater, 

thtDAF- - relatively constant, with incrrmcntalchanges of DAF rcmabhg at 1%or 
less. Based upon these results, a e o n  numbcr of 15,ooO was stlccttd for use in the e 

subsequent runs with fixed source area. 

Results of the parameter sensitivity analysis are !mmmmxi in Table 7.  The parameters are* 

ranked in this table m order of rtlative sensitivity. Relative sensitivity is defined for this 
purpose as the absolute difference between the %gh" and "low" DAF at the 85th percentile 
level, dividcd by the 85th percede DAF for the "median"case. 
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Table 6 Variation of DAF with number of Monte Carlo repetitions. 
L 

No. of Repetitions 85th Percentile Difference Relative i-
I

DA.F 
347.8 

336.9 

10,Ooo 354-2 

11,Ooo 359.2 

387.4 

13,OOO 369.3 

14,000 369.1 

15.000 387.3 

16,000 387.4 

17,000 388.0 

18,OOo 387-3 

19,m 390.2 

I Difference (%) 	 L 
rl
i

-10.9 -3.1 I 

+17.3 +5.1 

+5.0 +1.4 

+28.2 +7.9 

-18.1 4 .7  

-0.2 -0.05 
I ’  

+18.2 +4.9 

+0.1 +0.03 

+0.6 +o. 1s 

4.7 -0.18 

P 

+2.9 +0.75 

f­- +2.6 +0.67 

20,000 * 392.8 

P 
. . 

L-
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Table 7 Semithy of model parameters. 

85% DAF Value 
Relative

LOW Median High sensitivity=Rank 

4805.4 418.8 11.6 11.4 

25.3 198.5 2096.9 10.4 -
7.6 97.7 816.3 8.3 

357.1 85.2 35.6 3.8 
19.8 180.4 660.1 3-5 
49.1 206.1 491.4 2.1 
32.4 168.3 383.O 2.1 
182.6 104.2 78.8 1.0 
179.6 114.9 66.6 1.0 
41.3 49.9 79.7 0.8 
163.9 117.9 84.5 0.7 
156.7 156.3 173.5 0.1 
127.3 130.8 113.6 0.1 

108.3 100.0 114.4 0.06 -

Parameter 

Infiltration Rate 

Saturated Thickness 

G.W.Velocity 

source Area 
Hydr. Conductivity 

Vertical Well Position 

G.W.Gradient 

Long.Dispersivity 

Vcn.Dispersivity 

Porosity 

R#.kptor Wcil Distance 
Transv. Dispcrsivity 

Rcccpm well Angle 

Ambim Recharge 

Relative Sensitivity = IHigh-Low JMaiian 
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The table sbows that the most sensitive parameters included the rate of infiltration, which is a 

function of soil type, the saturated hckness of the aquifer, the size of source area, the 

groundwater seepage velocity, and the vertical position of the receptor well below the water 

table. The least sensitive parameters included porosity, downstream dismce  of the receptor well 

in both the x- and y-directions, the horizontal transverse dispersivity, and the areal recharge rate. 

To interpret these results, it should be kept in mind that the rankings reflect in part the range 

of variation of each parameter in the data set used for the sensitivity analysis. The infiltration 

rate was a highly sensitive parameter since, for a given leachate concentration, it directly affects 

the lllilss fluof contaminant entering the subsurface. The size of the source are would be 

expected to be equally sensitive, were it not for the fact that h the sensitivity analysis, the 

source area had a much m o w e r  range of variation than the infitration rate. The "high' and 

"low" valuts of the source area, which were taken from a nationwide distribution of landfrll 

waste units, varied by a factor of 23, while the ratio of "high" to "low" infidtration me was 

almost 300. 

In the sim~&tionspcrfoxped for the sensitivity analysis, no constraint was imposed on the 

vertical position of the well. The well was modeled as having a mifoxm dimiiution with the 

well intake point located anywhere between the water table and the base of the aquifer. The 
aquifer saturated thicirncss and vertical position of the well were both among the sensitive 

paramertrs, with similar effects on DAF values. Increasing eithcr the saturated thickness, or 
the fractional depth of thc receptor well below thc watsr table, incrtasts the likelihood that the 

receptor well wiIl be locatui underneath the contaminant plume and sample unconzamxna* t e d  
groundwater, l d i  to a high DAF value, The dilution-attemation factors were also sensitive 

to the groundwater velocity, and the parameters that determine the groundwater velocity, Le., 

hydraulic wnductivity and ambient gradient. Table 7 shows that a ~ g h agroundwater velocity 

results in an incrwsc of the dilution-attenuation factor. Since a conservative contamjnant was 

simulated under steady-state conditions. variations in travel time do not affem the DAF. The 

k r e a s c  ofDAF with increasing flow velocity reflects the greater mixing and dilution of the 
contaminant as it enters the saturated zone in systcms with high groundwater flow rate. Porosity 
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also direcdy affects the grounc,uater velocity, but was not among the sensitive parameters. This 

is a reflection of the narrow range of variation assigned to this parameter. 

me off-center angle which determines the y position of the well relative to the plume center line 

would be expected to have a similar effect as the well depth, but is seen to have a much smaller 

sensitivity. This was a result of constraining the y-location of the receptor well to be always 

inside the approximate areal extent of the contaminant plume. The effect is that the relative 

sensitivity of the off-centerangle was much less than that of the vertical coordinate of the well. 

The low relative sensitivity of recharge rate reflects the fact that this parameter has an only 

indirect effect on plume concentrations. 

Ovcrall, theMonte Carlo resultswere not very sensitive to dispersivity and downstream distance 

of the -tor wen. The probable explanation for these parameters is that variations of the 

parameters produce opposing effects which tended to cancel one another. Low dispcrsivity 

values will produce a compact plume which incrcaseS the probability that a randomly located 

receptor well will lie outside (underneath) the plume. H i m  dispersivitics will incrcaSe the 
chance that t&c well will b m x p t  the plum^. At the same time, however, mass balance 
considerations dictate that in thiscase average amcatrations inside the plume willbe lower than 
in the low djspersivity case. Similar reasoning applies to the effect of itceptor well distant+. 

Uthc well is located near the source, cM1ccI)4aticms in the plumc will be relatively high,but so 
is the chanrr that the well does not btcrupt the plume at all. At grtatcr disPancts from the 

s o m ,  the likelihood that the well is located inside the plume is greater, but the plume will also 

be more diluted. In the course ofa full Mom Carlo simulationthese opposing effects would 
endto average out. Tht muchlower sensitivity of transverse dispcrsivity, arT, compared UJ aL 

and a,mnbecootn'buted tothe imposes cmlshamthat the wellmust always be within the areal 

extent of tht plume. 

Tbe results of the sensitivity analysis show that the site charactcnstl'c which lends itself best for* 

a classification system for correlating sites to DAF values is the size of the commimtcd (Of 

E-39 


i 



source) area. In the subsequent analyses, the DAF values were therefore determined as a 

function of the source area size. These results are presented in the following section. 

4.3 
 DAF Values as a Function of Source Area 

This section presents the DAF value as a function of source area for various well location 

scenarios. The results for each of the scenarios examined are presented in tabular and graphical 

form. Figure 5 shows &e variation of the 85th,9Oth, and 95thpercentile DAF with source area 

for the base case scenario. The source area is expressed in square feet. The figure displays 

DAF against source area in a log-log graph. The graph shows an approximately linear 

relationship except that at very large values of the source area, the DAF starts to level off. 

Eventually the DAF approaches a value of 1.0. As expected, the curve for the 95th percentile 

DAF always shows the lowest DAF values, while the 85th percentile shows the highest DAFs. 
The DAF versus source area relationship for the other well placement scenarios are shown in 
Figures 6 through 10. ThC numerical results for each scenario are * .ed in Tables A1 

through A6 in the appendix. 

Insptction and comparison of the results for each scenario iudicate that the relationship follows 

the same general shape m each case,but the magnimck of DAF values at a given sourre area 

can be quite different for different well placcmcnt d o s .  In order to allow a direct 

cmparison between the various scenarios adyzcd, thc DAF values obtained for a source a m  

of 150,000 e (3.4 acres) arc shown in Table 8 as a function of the receptor well location 
M O . 

Insptction of the DAF valuesshowsthat the&Mtnationwidesccnario for locating thereceptor 

well results in the highest DAF values, as compartd to the basc cax Scenario and the other 

scenarios, in which the rtceptor well locationwas fixed at a relatively close distance fromthe 
waste somu. In the default nationwide modeling scenario. the well location is assigned from 

nationwide data on both the distance from the waste source and depth of the well intake point 

below thewazer table. In the default nationwide modeling scenario, the receptor well is allowed 

to be located up to 1 mile from the waste source. In the base case (Scenario 1) the well is 
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Table 8 DAF values for waste site area of 150,000 fr?. 

Model DAF Percentile
F&
i 
L. 

Scenario 

1 (base case) 237.5 26.4 2.8 

85 90 95 


2 300.1 114.7 26.8 
3 158.8 .17.9 1.7 
4 132.1 16.6 1.8 
5 98.8 15.1 2.0 

6 94.7 25.3 . 4.4 

L 
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allowed to be located anywhere within the areal extent of the contaminant plume for a fixed x­
. distance of 25 feet. This allows the well to be located near the fringes of the contaminant plume 

where concentrations are relatively low and DAF values are correspondingly high. In contrast, 

in Scenarios 3, 4, and 5 ,  the well location was constrained to be within the half-width of the 

waste source. In other words, the well was always placed in the central portion of the 

contaminant plume where concentrations are highest. As a result, these scenarios show lower 

DAF values then the base case scenario. The results for Scenarios 3.4, and 5 ,  which differ only 

in the x-histance of the receptor well, show that placement of the well at either 25 or 100 feet 

away from the waste source results in 85% and 90% DAF values that are acbally lower, i.e. 

more conservative, than placement of the well directly at the edge oft he waste source. This is 
a counter-intuitive result, but may be explained from the intemction between distance from the 

waste sourcc and vertid extent of the contaminant plume below the water table. Close to the 

waste source, the contaminant concentrations within the plume are highest, but the plume may 

not have penetrated very deeply into the satuxated zone (Figure 2). &cause the vertical position 

of the well was taken as a random variable, with a maximum value of up to 300 feet, the 

probability that a receptor well samples pristine groundwater undexncath the contamhnt plume 

is higher at close distances from the waste area. Conversely, as the distanct from the so­
innmscS, the plumc bccomcs more dilute but also utcnds deeper below the water table. The 
f a  result is that the overall DAFmay actually decrease with distanct tiom thc source. The 

table also shows that at thc 95% level, the lowest DAF is obtained in thc cast where the well 

is located at tht edge of the waste source. This rcflccts that the highcst cm==ation values will 

be obtaintd only vay close to the was& souru. 

The results for the last'sccnario,in which the x, y, and z locations of the receptor well were all 
fixcd, show that furing the wcll depth at 25 feet ensures that the well is placed shallow enough 

that it will be located inside the plume in nearly all cases, resulting in low DAF values at the 
85th and 90th percentile values. On the other hand, the!well in this case is never placed 

immediately at the plume ccntcrline, so that the highest concentrations sampled in this scenario 

are always lower than in the other scenarios. This is reflected in the higher DAF value at the 
95th percentile icvel. 
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One of the key objectives Of the present analyses was to determine the appropriate groundwater 

-DAFvalue for a waste area of given size. For the base case scenario, the 90th percentile DAF 
value is on the order of 100 or higher for a waste area size of 1 acre (43,560 ft?) and less. For 
waste areas of 10 acres and greater, the 90th percentile DAF is 10 or less. 

I-


E-49 




This page left blank on purpose. 

P 

E-50 




Shea,J.H.,1974. Deficiencies of elastic panicles of cenain sizes. J o u m l  of Sedimenw 
Petrology,44:905-1003. 

/-- U.S. EPA, 1993a. P A ' S  Composite Model for Leachate Migration with Transformation 
Products: EPACMTP. Volume I: Background Document. Office of Solid Waste,July

w_I 

1993. 
i""" 
1 
Li U.S.EPA,1993b. Draft Soil Screexiiug Level Guidance Quick Reference Fact Sheet. Office 

ofSolid Waste and Emergency Response, September 1993. 

tL..* U.S.EPA, 1994. Modeling Approach for Simulating Three-Dimensional Migration of Land 
Disposal Leachate with Transformation Products and Consideration of Water-Table 

s-4


i Mounding. Volume II: User's Guide for EPA's Composite Model for hchate 
L Migration with Transformation Products (EPACMTP). Officeof Solid Waste,May 1994. 

c 

f 
L 

i 


E-5 1 




c 

1. 


.pi . APPENDIX A 
i.L 

c 

L 
% 

I 

E-53 




E-54 




Table A i  	 DAF values as a function of source area for base case scenario (x=25 fi, 
y =uniform in plume, z-nationwide distribution). 

85 TH 

1.09�+06 
1.86E+05 
2.91E+04 
9.31E+03 

1647.18 
869.57 
569.80 
477.33 
237.47 
174.86 
64.52 
3227 

17.83 
1294 
8.91 

DAF 
90 TH 

3.76E+04 

9.63E+03 

2.00E+03 

680.27 
155.21 
84.25 
59.28 
50.56 
26.36 
20.19 
9.12 
5.61 
3.68 
294 
233 

95 m 

609.01 
187.69 
53.02 
22.57 

7.82 
5.41 
4.34 
3.97 
2 . n  
237 
1.61 
1.32 
1.16 
1.11 
1.06 
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Table ;,2 	 DAF values as a function of source area for Scenario 2 
dimibution, y =uniform in plume, z =nationwide distribution). 

DAF 
e5 m 95 7l-i 

~~ 

6222.78 2425.42 565.61 
3977.72 1573.32 371.06 
3215.43 1286.01 298.78 
817.66 315.06 73.48 
745.16 288.27 072Q 
424.81 160.82 38.11 
300.12 114.71 26.82 
218.87 82.30 20.00 
110.35 40.10 10.92 
63.45 23.75 6.22 
21.a3 7.85 255 
19.06 7.01 239 

f 
L 

\ 

i 


E-56 




f" Table A3 DAF values as a function of source area for Scenario 3 (x=O ft, y=uniform 

L within half-width of source area, t=nationwide distribution). 

1.42E+0; 
9.19E+Of 
5.54E+01: 
1.16�+04 
1.43E+03 


668.45 
477.7 El 
350.39 

158.76 
114.63 
40.55 
21.I3 

2000000 11.58 
8.66 


DAF 1
90­

2.09E+05 946.07 
2.83E+01: 211.15 
2.74E+ 0: 44.23 

644s 15.29 
120.42 4.48 
60.02 3.10 
37.97 253 
33.16 234 
17.87 1.74 
1296 1.56 
5.54 1.23 
3.50 1.15 

-238 1.08 
1-98 -1-06 

I .  
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Table A4 DAF values as a function of source area for Scenario 4 ( x = Z  fr, y=unifonn t
Lwithin half-width of source area, z=nationwide distribution). 

1.93E+05 
.WE+­
.64E+04 
1.69E+03 


928.51 
49020 
323.42 
27285 

132.05 
97s 
37s 

2Q.a 
11.a 
8.4! 

DAF 
- G i q = ­

.07E+04 


.92E+03 


.03E+03 

352.49 
93.98 
49.78 
3439  
29.62 
16.55 
1229 
5.50 
3.50 

240 

2Qo 

348.31 

118.11 
29.06 
13.14 
4.73 
3.28 

269 

247 
1.82 

1.61 

129 
1A7 
* . I C  
1.m 

b
i 
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Table A5 	 DAF values as a funcuon of source area for Scenario 5 (x=lOo fi,y=uniform
within half-width of source, z=nationwide distribution).BÎh 


N vu 
I­"AF 

1424E+04 I 181.88 
1.52E+04 1.=E+= 74.H 
4.24E+03 

-

437.25 27.2s 
1.81E+03 204.29 13.05 

497.27 6821 5.10 
293.34 40.72 3.71 
207.n 29.89 2.96 
184.57 26.86 2.73 
98.81 15.05 203 
74.63 71.55 1.82 
3299 5.83 1.a 
18.66 3.7? 1 2 6  
11.14 253 7.16 
8.33 -209 -1.13 
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Table A6 DAF values as a function of source area for Scenario 6 (x=25 fi, y=source 8
I 

L v
width + 25 ft, z=25 ft). 

DAF 

85 m i  90TH 95 m 


44247.79 10479.98 1004.72 
30759.77 7215.01 744.05 
4789.27 1273.40 1a.81 
2698.33 725.69 8251 
637.76 155.16 21.82 
544.66 135.91 18.84 
48263 121.43 16.52 
139.66 35s 5.56 
76.69 212 4  3.94 
50.40 15.04 3.19 

' 18.10 6.04 1.81 
1026 3.87 1.48 
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Appendix E 

Dermal and Inhalation Exposure to Contaminated Tap Water 

Methodology 

General Modeling Overview: 

For this analysis, the same methodology that was employed for the Nun-Groundwater 
Pathway Risk Assessment; Petroleum Process Waste Listing Determination Notice of Data 
Availability was used. Following this methodology, the maximum, modeled groundwater 
concentration for each constituent of concern is used as the starting concentration. Both dermal 
and inhalation risks are estimated based on this starting concentration. The maximum 
groundwater concentration is calculated using combinations of high-end parameters in the 
treatment train and/or high-end fate and transport parameters. Because the maximum 
groundwater concentration is obtained by setting combinations of parameters to high-end, 
including additional high-end parameters in the non-ingestion exposure model would lead to 
overly conservative results. Therefore, central tendency values were used, when available, as 
inputs in the model to avoid overly conservative risk estimations. 

Exposures estimated for all indoor, household water uses. Exposure is assessed for three 
house compartments-exposure from being in the shower stall during and immediately after 
showering (both dermal and inhalation exposures), exposure from being in the bathroom after 
showering (inhalation exposure), and exposure from being in the rest of the house (inhalation 
exposure). It is assumed that all water uses for each household compartment occur while the 
individual is in that compartment. Average air concentrations for each house compartment are 
calculated and used to assess exposure from inhalation. Dermal exposures are calculated based 
on the starting groundwater concentration. 

To develop the model that was used to address the inhalation pathway, several articles on 
existing models for estimating non-ingestion risks from household water uses (i.e., showering) 
were evaluated. Dermal exposures were estimated using the methodology presented in Derma2 
Exposure Assessment: Principles and Applications (U.S. EPA, 1992) and Risk Assessment 
Guidancefor  Superfund, Volume I, Human Health Evauation Manual (Part A )  
(U.S. EPA, 1989). 

Descrivtion of Groundwater, Non-ingestion ExDosure Model for Inhalation: 

The model used in this analysis is based on the equations presented in McKone (1987). 
The model estimates the change in the shower air concentration based on the mass of constituent 
lost by the water (fraction emitted or emission rate) and the air exchange rate between the various 
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model compartments (shower, the rest of the bathroom, and the rest of the house) following the 
same basic model construct described by Little (1992). The resulting differential equations were 
solved using finite difference numerical integration. 

The basis for estimating the concentration of constituents in the indoor air is based on the 
mass transfer of constituent from water to shower air. 

This equation estimates the overall mass transfer coefficient from tap water to air from 
showering: 

where 
KO, = overall mass transfer coefficient (crds) 


p = proportionality constant ( C ~ / S ) - ~ ’ ~  

D, = diffusion coefficient in water (cm2/s) 

D, = diffusion coefficient in air (cm2/s) 

H’ = Dimensionless Henry’s law constant ( 4 1*HE). 


The constituent emission rate is estimated from the change in the shower water 
. concentration as the water falls, which is calculated using the overall mass transfer coefficient as 

follows: 

where 
c = liquid phase (droplet) constituent concentration (pg/cm3 or mgh)  
t = time (s) 

A = total surface area for mass transfer (cm2) 
V = total volume of water within the shower compartment (cm3) 
ys = gas phase constituent concentration in the shower (pg/cm3 or m a )  

H’ = dimensionless Henry’s law constant. 

Consequently, in addition to the overall mass transfer coefficient, the emission rate of a 
contaminant within the shower is dependent on the surface-area-to-volume ratio of the shower 
water (within the shower) and the concentration driving force between the water and the shower 
air. 

The shower emissions can be modeled based on falling droplets as a means of estimating 
the surface-area-to-volumeratio for m k s  transfer and the residence time of the water in the 
shower compartment. Equation 1-2can then be integrated assuming the compound concentration 
in the gas phase is constant over the time frame of the droplet fall. The time required for a droplet 
to fall equals the nozzle height divided by the water droplet velocity. The ratio of the surface area 
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Appendix E 

to volume for the droplet is calculated as 6/$ (i.e., by assuming a spherical shape). By assuming 
the drops fall at terminal velocity, the surface-area-to-volume ratio and the residence time can be 
determined based solely on droplet size. A droplet size of approximately 1 mm (0.1 cm) was 
selected. The terminal velocity for the selected droplet size is approximately 400 c d s .  The 
fraction of constituent emitted from a water droplet at any given time can then be calculated by 
integrating Equation 1-2 and rearranging as follows: 

$""
i
L 

fraction of constituent emitted from the droplet (dimensionless) 

droplet constituent concentration at shower flooddrain (mg/L) 

droplet constituent concentration entering the shower (mg/L) 

ysl(H'cin) = fraction of gas phase saturation (dimensionless) 

dimensionless overall mass transfer coefficient = Kol (6/$) (h/vt) 

droplet diameter = 0.1 (cm) 

terminal velocity of droplet = 400 ( c d s )  

nozzle height (cm). 


E The gas phase constituent concentration in the shower is then calculated for each time 
-step for the duration of the shower. The air exchange rate between the shower and the bathroom 
is included in the estimation of the gas phase concentration of the constituents in the shower. 

where 
-

Ys,t+l - gas phase constituent concentration in the shower at the end of time step 
(mg/L) 

gas phase constituent concentration in the shower at the beginning of time 

step ( m m 

volumetric gas exchange rate between shower and bathroom (Umin) 

gas phase constituent concentration in the bathroom at the beginning of 

time step (mg/L) 

calculation time step 

mass of constituent emitted from shower between time t and time t+l (mg) 

volume of shower stall (L). 


The shower model also provides direct estimates of the bathroom and whole house exposure. The 
L 	 risk from inhalation exposures in the remainder of the house is generally several orders of 

magnitude less than the risk from inhalation exposures in the bathroom and during showering. 
The gas phase constituent concentration in the bathroom may be estimated by Equation 1-5 for 
each time step of the exposure duration. 

r- E-3 
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where 
Yb,t+l gas phase constituent concentration in the bathroom at end of time step 

( m a )  
Yb,t gas phase constituent concentration in the bathroom at beginning of time 

step 

Qgs volumetric gas exchange rate between bathroom and house 
yfh,t gas phase constituent concentration in the house at beginning of time step 

(mgW 
(Tt+l-tt) calculation time step (min) 

Ib bathroom water use (Vmin) 
‘in constituent concentration in tap water (mg/L) 

fem,b fraction of constituent emitted from bathroom water use (unitless) 
‘b volume of bathroom (L). 

The gas phase constiuent concentration in the remainder of the house may be estimated by 
Equation 1-6 for each time step of the exposure duration. 

Yh,t+l = 
+ [Qgb (Yb,t - Yh,t)] - [Qgh (yt,,t - ya.t)] + (‘h ‘1, fem,h (1-61 

where 
Yh,t+l gas phase constituent concentration in the house at end of time step (mg/L) 

Yh,t gas phase constituent concentration in the house at beginning of time step 
(mg/L) 

Qgb vohmetric gas exchange rate between the bathroom and house (Urnin) 
Yb,t gas phase constituent concentration in the bathroom at beginning of time 

step (mgW 
. Qgh volumetric gas exchange rate between the house and atmosphere (Umin) 

Ya,t gas phase constituent concentration in the atmosphere ( m a )  
(Tt+l -ft) calculation time step (min) 

‘h house water use-other  than bathroom (L/min) 
‘in constituent concentration in tap‘water (mg/L) 

fem,h fraction of constituent emitted from household water use--other than 
bathroom (unitless) 
volume of house (L). 

The average air concentration in the shower and bathroom are obtained by averaging the 
concentrations obtained for each time step over the duration of the shower and bathroom use. 
These concentrations and the durations of daily exposure are used to estimate risk from 
inhalation exposures to residential use of groundwater. 
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Exuosure Factors: 

Where available, the exposure parameters used in this analysis are central tendency values 
cited in the Exposure Factors Handbook ( U . S .  EPA, 1996). The remaining exposure factors 
required for this analysis were obtained from McKone (1987).The original articles have been 
obtained to verify the values used in the analysis. Parameter values are presented in Table E-1. 

The equation used to estimate a hazard quotient from inhalation is expressed as: 

where 
HQ = hazard quotient (uitless) 
cair  = average concentration of constituent in air (mg/m3) 
RfC = reference concentration (mg/m3>. 

Dermal Exuosure to Tau Water: 

Another non-ingestion route of exposure to groundwater not considered in the 
groundwater risk assessment for the proposed rule is dermal exposure from showering. The 
methodology used for assessing risk from this exposure route follows the guidelines set forth in 
Dermal Exposure Assessment: Principles and Applications (US. EPA, 1992) and Risk 
Assessment Guidancefor Supegund, Volume I, Human Health Evaluation Manual (RAGS)(US. 
EPA, 1989). 

The basic equation used to calculate the contaminant dose from showering was obtained 
from U.S.EPA (1992) and can be expressed as: 

where 
DAevent = dose absorbed per unit area per event (mg/cm2) 

cwater = water concentration ( m a )
Kp" = skin permeability constant in water (cm/h) 

'event = duration of event (h) 
z = lagtime(h) 
B = bunge constant (unitless) 

1/103 = u c m 3 .  
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Table E-1. Exposure Factors Used to Determine Risk from 
Inhalation Exposure to Contaminated Tap Water 

Exposure factor * i  

Shower duration 

Time in bathroom (includes shower duration, 
time spent in shower stall after showering, and 
time spent in bathroom after leaving shower 
stall) 

Shower rate 

Showerhath water use 

Bathroom water use 

House water use 

Volume of shower stall 

Volume of bathroom 

Volume of house 
~~ 

Volumetric gas exchange rate between shower 
and bathroom 

~~ 

Volumetric gas exchange rate between 
bathroom and house 

Volumetric gas exchange rate between house 
and atmosphere 

Fraction emitted, bathroom 

Fraction emitted, house water 

Time toilet emits 

Time house water emits 

35.5 gcd 

17.5 gcd 

2 m3 

IO m3 

369 m3 

100 Wmin 

300 Wmin 

0.45 air changes 
per hour (2,768 
Vmin) 

0.50 

0.66 

40 midd 

15.7 h/d 

e 15-20) (Represents 

U.S. EPA, 1997b (Table 17-14) (Summation of 
median values for shower, toilet, and one-half of 
the other water use rates; RTI assumed other 
represents water use in sinks) 

U.S. EPA, 1997b (Table 17-14) (Summation of 
median values for Laundry,Dishwashing,and 
one-half of the other water use rates; RTI 
assumed other represents water use in sinks) 

I McKone, 1987 

McKone, 1987 

U.S. EPA, 1997b (Table 17-31) 

RTI-derived value 

RTI-derived value 

U.S. EPA, 1997b (Table 17-31) (Median value; 
given a low overall confidence rating) 

Calculated 

Calculated 

US.  EPA, 1997b (Tables 15-20, 15-23, and 15­
114) (Table 15-114 represents 24 hour-
cumulative time spent in bathroom, which is 
conservative to assume that all of this time 
occurs immediately following the shower) 

U.S. EPA, 1997b (based on cumulative time 
spent indoors at a residence, Table 15-131, 
minus time spent in bathroom [see above]) 

From the dose absorbed, hazard quotients can be calculated for the constituents of concern by 
applying the following equation: 
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where 
HQ = 

-DAevent -
EF = 

SA,,, = 
RfD = 
BW = 

hazard quotient (unitless) 

dose absorbed per unit area per event (mg/cm2) 

event frequency (showers per day) 

surface area of skin (cm') 

oral reference dose (mg/kg/day) 

body weight (kg). 


No RfDs or slope factors are available for the dermal route of exposure; however , 
Appendix A of RAGS gives some general guidance for calculating intakes via the dermal route 
and making appropriate comparisons with RfDs or slope factors. In sum, oral RfDs and slope 
factors may need to be adjusted (depending on the constituent) based on the oral absorption 
efficiency of the constituent. RfDs are multiplied by the oral absorption efficiency and slope 
factors are divided by the oral absorption efficiency. Generally, oral absorption efficiency data 
are not readily available and have to be researched independently.Alternatively, US EPA Region 
IV has adopted the following oral absorption efficiencies as interim default values: 80% for 
volatile organic chemicals, 50%for semivolatile organic chemicals, and 20% for metals (US 
EPA, 1995). 
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Appendix F 

Sensitivity Analysis 

This appendix presents the results of three sensitivity analyses that were conducted to 
investigate parameters used in the risk analysis. These parameters are: 

area of the landfill 

depth of the landfill 

biodegradation of constituents in landfills. 


The attached tables present the results of the sensitivity analysis. 

Landfill Area-The results presented in this appendix indicate that the 75th and 90th 
percentile areas are associated with less risk than the 50th percentile landfill area for both the air 
pathway and the groundwater pathway. In this case, the dilution from the greater volume of 
municipal waste assumed disposed of in the larger landfill is greater than the effect of the smaller 
DAF associated with the larger landfills. 

Landfill Depth-The results of the sensitivity analysis for landfill depth indicate that the 
maximum effect is a decrease in risk of 1 order of magnitude. The decrease in risk is due to 
dilution of the waste with the increased volume of the landfill. This effect is the same for both 
the inhalation and the drinking water pathways. There is little data on the actual depths of 
municipal landfills; thus, a value was chosen, based on the best professional judgment, from the 
Texas municipal landfill survey data. This value is compared in the sensitivity analysis to the 
10th ,50th, and 90th percentile values derived from the total distribution. The effect of changes 
in the landfill depth is to change the capacity of the landfill in a linear fashion, which in turn 
changes the waste dilution factor linearly as well. These values were used because the Texas 
municipal landfill database was the only data source available that contained landfill depths. 

Biodegradation-It is debatable whether degradation occurs in the landfill environment. 
Therefore*,a sensitivity analysis has been conducted to determine the effect of including this loss 
mechanism in the risk assessment. The sensitivity analysis was conducted both with the 
constituent-specific biodegradation rates that were included in the risk assessment and with 
biodegradation set to zero for all compounds. The results of this analysis are constituent-specific: 
for drinking water, they range from no effect to a factor of 7; for inhalation, the inclusion of 
biodegradation may actually decrease risk slightly or increase it by a maximum factor of 1.5. . 
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Sensitivity Analysis for Landfill Area: Comparing 50th Percentile Area to 75th and 
1 
r" 

90th Percentile Areas Inhalation Risk L 

Constituent 
Carbon tetrachloride 
Ethyl ether 
Methanol 
Acetone 
Butanol 
Benzene 
l,l,l-Thchloroethane 
Methylenechloride 
Carbon disulfide 
Trichlorofluoromethane 
Dichlorodifluoromethane 
1,1,2-Trichloro-l,2,2­
trifluoroethane 
Isobutylalcohol 
Methyl ethyl ketone 
1,1,2-TrichIoroethane 

. Trichloroethylene 
2-Nitropropane 
@Xylene 
eCresol 
1,2-Dichlorobenzene 
Nitrobenzene 
Ethylbenzene 
pCresol 
Methyl isobutyl ketone 
mXylene 
mCresol 
Toluene . 
Chlorobenzene 
Cyclohexanone 
2- Ethoxyethanol 
Pyridine 
Tetrachloroethylene 
Ethyl acetate 
Xylenes (total) 

F-2 

Ratio of 75th Ratio of 90th i-
t

Percentile Percentile Area L d 

Area to 50th to  50th 

CAS 50th 75th 90th Area Risks Risks t 
56-23-5 4.E-08 3.E-08 1E-08 0.6 0.3 
60-29-7 NA NA NA , NA NA 
67-56-1 1.E-06 8. E-07 4E-07 0.8 0.4 
67-64-1 1.E-06 6.E-07 3E-07 0.6 0.3 
71-36-3 NA NA NA NA NA 
71-43-2 2.E-08 1.E-08 7E-09 0.6 0.3 
71-55-6 3.E-05 2.E-05 8E-06 0.6 0.3 
75-09-2 2.E-09 1.E-09 5E-10 0.6 0.3 
75-15-0 5.E-05 3.E-05 1E-05 0.6 0.3 
75-69-4 5.E-05 3.E-05 1E-05 0.6 0.3 
75-71-8 1.E44 9.E-05 4E-05 0.9 0.4 
76-13-1 1.E-06 7.E-07 3E-07 0.7 0.3 

78-83-1 NA NA NA NA NA 
78-93-3 2.E-05 1.E-05 5E-06 0.6 0.3 
79-00-5 I .  E-08 9.E-09 4E-09 0.6 0.3 
79-01-6 3.E-09 2.E-09 8E-10 0.6 0.3 
79-46-9 4.E-06 3.E-06 1E-06 0.6 0.3 
95-47-6 NA NA NA \ NA NA 
95-48-7 NA NA NA NA NA 
95-50-1 1.E-06 9.E-07 4E-07 0.9 0.4 
98-95-3 9.E-05 6.E-05 3E-05 0.6 0.3 
100-41-4 6.E-06 4.E-06 2E-06 0.6 0.3 
106-44-5 NA NA NA NA NA 
YO8-10-1 1.E-04 7.E-05 3E-05 0.7 0.3 
108-38-3 NA NA NA NA NA 
108-39-4 NA NA NA NA NA 
108-88-3 3.E-05 2.E-05 9E-06 0.7 0.3 
108-90-7 3.E-04 2.E-04 7E-05 0.5 0.2 
108-94-1 NA NA NA NA NA 
110-80-5 3.E-06 2.E-06 8E-07 0.6 0.3 
110-86-1 2.E-04 1.E-04 6E-05 0.6 0.3 
127-18-4 8.E-05 5.E-05 2E-05 0.6 0.3 
141-78-6 NA NA NA NA NA 

1330-20-7 9.E-06 6.E-06 3E-06 0.6 0.3 
i 
I 

Percentile Percentile Area 

f 
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Appendix F 

Sensitivity Analysis for the Effect of Including Degradation in the Landfill in the F 

Risk Analysis for the Ingestion of Drinking Water 

Constituent 

Carbon tetrachloride 
Ethyl ether 
Methanol 
Acetone 
Butanol 
Benzene 
l,l,l-Trichloroethane 
Methylene chloride 
Carbon disulfide 
Trichlorofluoromethane 
Dichlorodifluoromethane 
1,1,2-Trichloro-l,2,2­
trifluoroethane 
Isobutylalcohol 
Methyl ethyl ketone 
1,1,2-Trichloroethane 
Trichloroethylene 

. 2-Nitropropane 
@Xylene 
&resol 
1,2-DichIorobenzene 
Nitrobenzene 
Ethylbedzene 
pcresol 
Methyl isobutyl ketone 
mXylene

h 
mCresol 
Toluene 
Chlorobenzene 
Cyclohexanone 
2-EthoxQethanol 
Pyridine 
Tetrachloroethylene 
Ethyl acetate 
Xylenes (total) 

F-4 

Drinking Drinking
Leachate - No Water - No Leachate - Water -

CAS Degradation Degradation Degradation Degradation 
56-23-5 5.E-05 4.E-06 7.E-06 6.E-07 
60-29-7 5.E-01 5.E-02 5.E-01 5.E-02 
67-56-1 7.E-01 6.E-02 6.E-01 5.E-02 
67-64-1 3.E+00 3.E-01 2.E+00 2.E-01 
71-36-3 2.E+00 2.E-01 2.E+00 2.E-01 
71-43-2 4.E-05 4.E-06 3.E-05 3.E-06 
71-55-6 2.E-02 2.E-03 4.E-03 4.E-04 
75-09-2 6.E-05 5.E-06 4.E-05 3.E-06 
75-15-0 1.E-01 9.E-03 1.E-01 9.E-03 
75-69-4 1.E-02 9.E-04 2.E-03 2.E-04 
75-71-8 4.E-02 4.E-03 7.E-03 6.E-04 
76-13-1 3.E-05 3.E-06 3.E-05 3.E-06 

78-83-1 7.E-01 6.E-02 6.E-01 5.E-02 
78-93-3 4.E-01 4.E-02 4.E-01 4.E-02 
79-00-5 1.E-04 1.E-05 2.E-05 2.E-06 
79-01-6 5.E-06 5.E-07 7.E-07 7.E-08 
79-46-9 NA NA NA NA 
95-47-6 8.E-04 7.E-05 8.E-04 7.E-05 
95-48-7 4.E-01 4.E-02 2.E-01 2.E-02 
95-50-1 9.E-03 8.E-04 2.E-03 2.E-04 ' 

98-95-3 6.E+01 5.E+00 1.E+01 9.E-01 
100-41-4 1.E-02 9.E-04 1.E-02 9.E-04 
106-44-5 5.E+00 5.E-01 4.E+00 4.E-01 
108-10-1 1.E+OO 9.E-02 1.E+OO 9.E-02 
108-38-3 7.E-04 6.E-05 7.E-04 6.E-05 
108-39-4 4.E-01 4.E-02 4.E-01 4.E-02 
108-88-3 2.E-02 2.E-03 1.E-02 9.E-04 
108-90-7 1.E-01 9.E-03 3.E-02 3.E-03 
108-94-1 4.E-02 4.E-03 4.E-02 4.E-03 
110-80-5 1.E+OO 9.E-02 8.E-01 7.E-02 

110-86-1 2.E+02 2.E+01 2.E+02 2.E+Ol 

127-18-4 3.E-01 3. E-02 5.E-02 5.E-03 
141-78-6 2.E-01 2.E-02 2.E-01 2.E-02 
1330-20-7 7.E-04 6.E-05 4.E-04 4.E-05 

rL, 


Ratio No 
Degradation: L a  
Degradation 

Included 

7.0 
1.o 
1.2 
1.5 
1.o 
1.5 
5.0 

, 1.6 
1.o 

. 5.0 
' 5.7 

1.o 

1.2 
1.o 
6.9 
7.0 
NA 

I 1.0 
2.0 
4.5 

, 6.0 
1.o 
1.3 
1.o 
1.o 
1.o 
2.0 
3.3 
1.o 
1.3 
1.o 
6.0 
1.o 
1.8 
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